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NOTES ON THE ORGANIZATION OF NDRC

The duties of the National Defense Research Committee
were (1) to recommend to the Director of OSRD suitable
projects and research programs on the instrumentalities of
warfare, together with contract facilities for earrying out
these projects and programs, and (2) to administer the tech-
nical and scientific work of the contracts. More specifically,
NDRC functioned by initiating research projects on requests
from the Army or the Navy, or on requests from an allied
government transmitted through the Lisizon Office of QSRD,
or on its own considered initiative as a result of the experi-
ence of its members. Proposals prepared by the Division,
Panel, or Committee for research contracts for performance
of the work involved in such projects were first reviewed by
NDRC, and if approved, recommended to the Director of
OSRD. Upon approval of a propusal by the Director, a con-
tract permitting maximum flexibility of scientific effort was
arranged. The business aspects of the contract, including
such matters as materials, clearances, vouchers, patents,
priorities, legal matters, and administration of patent matters
were handled by the Executive Secretary of OSRD,

Originally NDRC administered its work through five
divisions, each headed by one of the NDRC members.
These were:

Division A—Armor and Ordnance

Division B—Bombs, Fuels, Gases, & Chemical Problems
Division C—Communication and Transportation
Division ID—Detection, Comtrols, and Instruments
Division E—Patents and Inventions

In a reorgarization in the fall of 1942, twenty-three ad-
ministrative divisions, panels, or committees were created,
each with a chief selected on the basis of his outstanding
work in the particular field. The NDRC members then be-
came a reviewing and advisory group to the Director of
OSRIN, The final organization was as follows:

Division 1-—Ballistic Research

Division 2—Effects of Impact and Explosion

Division 3—Rocket Ordnance

Division 4—Ordnance Accessories

Division 5—New Missiles

Division 6—Sub-Surface Warfare

Division 7—Fire Control

Division 8—Explosives

Division 9—Chemistry

Division 10—Absorbents and Aerosols

Division 11-—Chemical Engineering

Division 12—Tranzportation

Division 13—Electrical Communieation

Division 14—Radar

Division 15—Radio Coordination

Division 16—Optics and Camouflage

Division 17—Physics

Division 18—War Metallurgy

Division 19— Miscellaneous

Applied Mathematice Panel

Applied Psyehology Panel

Committee on Propagation

Tropical Deterioration Adminisirative Committee
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NDRC FOREWORD

s EVENTS of the years preceding 1940 revealed
A more and more clearly the seriousness of the
world situation, many seientists in this country came
to realize the need of organizing scientific research for
serviee in a national emergency, Recommendations
which they made to the White House were given care-
ful and svmpathetie attention, and as a result the
National Defense Research Committee [NDRC was
furmed by Exeeutive Orvder of the President in the
summer of 1940. The members of NDRC, appointed
by the President, were instructed to supplement the
work of the Army and the Navy in the development
of the instrumentalities of war. A year later, upon
the establishment of the Office of Scientific Research
and Development. [OSR D], NDRC became one of its
units.

The Summary Technieal Report of NDRC is a
conscientious effort on the part of NDRC to sum-
marize and evaluate its work and to present it in a
useful and permanent form. It comprises some seventy
volumes broken into groups corresponding to the
NDRC Divisions, Panels, and Committees.

The Summary Tochnieal Report of each Division,
Panel, or Committee is an integral survey of the work
of that group. The first volume of each group’s report
contains o summary of the report, stating the prob-
lems presented and the philosophy of attacking them,
and summarizing the resulix of the research, develop-
ment, and training activities undertaken. Some vol-
umes may be “state of the art” treatises covering
stibjects to which various research groups have con-
tributed information. Others may contain deserip-
tions of devices developed in the laboratories. A
master index of all these divisional, panel, and com-
mittee reports which together constitute the Sum-
mary Technieal Report of NDRC is contained in a
separate volume, which also includes the index of a
microfilm recosd of pertinent technical laboratory re-
ports and reference material,

Some of the NDRC-sponsored rescarches which
had been declassified by the end of 1945 were of suf-
ficient popular interest that it was found desirable to
report them in the form of monographs, such as the
series on radar by Division 14 and the monograph on
sampling inspection by the Applied Mathematics
Punel. Since the material treated in them is not
duplicated in the Summary Technical Report of

NDRC, the monographs are an important part of the
story of these aspects of NDRC research.

In contrast to the information on radar, which is of
widespread interest and much of which is released to
the public, the research on subsurface warfare i
largely classified and is of general interest to 2 more
restricted group. As a consequence, the report of 1i-
vision 6 is found almost entirely in its Summary
Technical Report. which runs to over 20 volumes.
The extent of the work of a Division cannot therefore
be judged solely by the number of volumes devoted
to it in the Summary Technical Report of NDRC;
account must be taken of the monographs and avail-
able reports published elsewhere.

Division 5 was responsible for research and devel-
opment work on guided missiles. As the war came to
an end, work in this field rated a priority second only
to that of the work on atomic fission, for its implica-
tions for any future war were seen to justify such
evaluation. Thus, Division 5 both contributed to the
winning of the war and laid a solid technieal founda-
tion for future research aimed at keeping the nation
prepared against any emergency.

The Division, under the leadership first of Harold
BB. Richmond and later under Hugh H. Spencer, sue-
ceeded in developing a glide bomb that homed on its
target by radar, and a visually guided high-angle
bomb with radio remote control. These weapons were
employed to destroy key communication links in
Ttaly, France, and Burma, and Japanese shipping
and naval units. The war's end prevented combat use
of a heat-homing high-angle bomb, a television-guided
medium-angle bomb, and a glide bomb promising
very many times the accuraey of a conventional
bomb.

The work of Division 5 is deseribed in this Sum-
mary Technieal Report. Preparation of the report
was supervised by the Division Chief, and its publica-
tion has been authorized by him. To him and his col-
leagues, for helping to keep our armed forces in the
forefront of the technical race which is modern war-
fare, we express our sincere appreciaticn.

Vanxevak Buss, Director
Office of Scientific Research and Development

J. B. Coxant, Chairman
National Defense Research Committee
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FOREWORD

HIS SUMMARY TECHNICAL REPORT presents the
Tguidod-missiln.pmgrz\m carried out by the Na-
tional Defense Research Committee [NDRC] during
the war. The sponsor, Division 3, was ereated by the
reorganization of NDRC some eighteen months after
the start of NDRC"s program of war research. Some
of the work here reported, therefore, treats of projects
completed by predecessor groups. Some represents
aetivities which had been begun under the super-
vision of predecessors and were completed by Di-
vision 5.

The technical information presented here stems
from the work of the Division's contractors. This
prineiple is not unique with Division 5 but its reitera-
tion is perhaps worth while. The function of the
Division was one of eritical administration rather
than the exploration of new fields of seientifie thought
or the development of new techniques in applied
seience. [t considered possible new fields of seientifie
study and assigned to contractors specific investiga-
tions within those fields. In addition, it directed the
activities of contractors in the technologies necessary
to bring to fruition the results of its contractors’
seientific rescarch.

Having established a group of working contracts,
the Divizion then eritically reviewed the work of the
contractors and interpreted their results to the Serv-
ices. It stimulated where additional efforts seemed in-
dicated, and restrained where diversification of effort
seemed profitless,

The material presented nere, therefore, is a sum-
mary of the developments and discoveries of the
Division's contractors. (redit for whatever is new
herein is due contractors and not the Division, and
where the text does not make this clear an oversight
has occurred. The report is, however, something more
than a mere distilate of contractors’ reports, A large
group of competent seientifie and technological men
and women was assembled by the Division'’s con-
tractors, all working in the broad field of guided mis-
siles, The views of these individuals were often di-
vergent, oceasionally contradictory. The book at-
tempts to bring these divergencies into foeus and to
resolve them, to draw attention to contradictions and
to ussess the arguments supporting the hyvpotheses
=et forth.

The book is divided into four parts: a summary,
tollowed by the body of the report in three parts,

The summary presents a résumé of the entire ac-
tivitiex of the Division. It is intendesd to Le sufficient
to meet the needs of those generals and admirals
having responsibilities in the guided-missile field but
who are prevented by the pressure of other duties
from undertaking its detailed study.

The Division directed the development of four
svstems of guided missiles. Two of these systems in-
volved remote radio control; two were automatically
target-secking. Part I discusses these systems in de-
tail. The whole experience of the Division proves
conclusively that guided-missile development can be
suecessfully prosecuted only by careful consideration
of the integrated missile system—airframe, control
surfaces, and means of guidance. This principle is
fully supported by what has been reported of the ex-
perience of our enemies. T'wo of the missile systems
developed by the Division reached combat. Another
was ordered for combat, ana combat teams were in
training. A fourth was still incompletely developed
as hostilities ceased. These four systems are broadly
considered in Part 1.

Part 11 discusses the components which the Divi-
sion undertook to develop separately, as distin-
guished from the development. of a system consisting
of a missile and its controls. Only a few of the many
proposed were prosecuted, the experience of the Di-
vision clearly teaching that such separation of effort
can almost never lead to success, In addition to a
description of the separate projects in control of mis-
siles, Part I1 describes accessory techniques, such as
the development of simulators and trainers, which
the Division found to be of important assistance to
its program.

Part 111 presents direct contributions from certain
of the Division’s contractors. Each of the groups
having primary responsibility for a guided-missile
system was invited to contribute a monograph chap-
ter to this report. Dr. Hugh L. Dryden of the Na-
tional Bureau of Standards, R. D. Wyckoff of the
Gulf Research and Development Company, and Dr.
W. B. Klemperer of the Douglas Aircraft Company
accepted the invitation; the Massachusetts Institute
of Technology declined.

Each of these authors is peculiarly qualified to
write critically in the guided-missile field. Besides his
work for the Division as director of the glide-bomb
program, Dr. Dryden has served on the von Karméan
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Committee of the Chief of Air Staff. This committee
conducted a very broad investigation into the future
possibilities of aerial combat. Mr. Wyekoff directed
the development program of the Division's high-
angle dirigible bomb, the only guided missile save the
Japanese suicide deviees to see combat use in signifi-
cant quantity during the war. Dr. Klemperer di-
rected the development of Project Roe at Douglas
Aireraft Company. He brought to the project ex-
perience in both the airship and airplane fields. His
knowledge gained from experience in the Roce projeei
has been enriched by an extended tour of Germany
since the cessation of hostilities there. As a member
of the ALROS Mission (under G-2, U, 8. Army In-
telligence) he was charged with the responsibility of
evaluating the wartime development resources of
Germany in the guided-missile field.

I'he facts presented in Paris 1 and I are the con-
tractors'; the comments thereon are the authors'. In
Part 111 the faets and their evaluation are the sole
produet of the eontractors. No effort has been made
tu resolve differences which may appear between the
points of view expressed in these chapters and those
in the chapters of Parts T and 11. Progress in science
and in technology is made by the eandid recognition
of divergent views and by their resolution through
trank discussion.

T'he book as a whole is repetitious. This is neither
wood nor inadvertent. It is the price paid for making
ench chapter self-sufficient. Thus the reader whose
prime interest is in glide bombs need not read the
chapter un Felix, although many problems are com-
mon to both projects and the findings in one program
are apposite to the other.

Mathematies has been avoided but not shunned.
The use of this language has been invoked when that
form of speech (1) by itssuccinctnessavoids verbiage;
(2) by its exact limitation avoids the danger of gen-
eralization not justified by the experimental evi-
dence: and (31 by its generality concisely states the

scope of a conclusion. The editor has attempted to
prepare the text so that the program will be clear
even to those whose linguistics do not inelude mathe-
matics; in general, therefore, neither the quantity of
the mathematies nor its level is such ax to repel the
reader who has a basie technieal background.

The book makes no attempt to recommend 2
Lroad program on guided missiles for the United
States. Many other groups, both military and eivil-
ian, have undertaken that responsibility. What 1 at-
tempted here is the presentation of such experience
of the Division and the formulation of such principles
arising from it as may profitably be brought to bear
on the guided-missile program of this country as it
develops.

In writing, the editor has been trapped into use of
the phrase, “So far as the Division is aware ...’
This introduction to each statement is accurate but
dishonest. As a result of considerable demobilization,
the Division now consists of the editor and two tech-
nical aides with whom he is in continual touch. Seri-
ous effort has been made to obtain from former Divi-
sion members their criticisms of the material as it
has appeared. They have been most generous with
their time and thought. The book should not, how-
ever, be taken as the outcome of deliberations by the
men who formerly comprised the body of the Divi-
sion. Where errors of omission, of emphasis, or of
faet oceur, the fault is the editor's,

A Summary Technical Report is hardly the me-
dium for the expression of appreciation to colleagues.
The editor can hardly close this foreword, however,
without such a word of gratitude to all his former
associates, who are enumerated in the list of (JSRD
appointees. Parficularly is he indebted to Dr. E.
W. Phelan and Dr. J. C. Boyee for their direct
contributions to the text.

Huen H, Spexcer

Chief, Division 5
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SUMMARY

HE stccessFUL glhide-homb attack by the Ger-
Tmzms on a British convoy in the Bay of Biseay
on August 23, 1943, gave an impetus to American
development of guided missiles which has intensified
continuously ever sinee. This is not to say that Amer-
ican cffort had not heen concerned with weapons of
this charuacter before the German guided bombs made
their appearance,. On the contrary, the United States
Services had been working for sonme yvears on guided
hombx, both powered (drones) and unpowered (glide
bombsy, In addition. NDRC had had guided-missile
projectz under development for many months, The
one suecessful combat test by the Germans of Hs 293
in August 1943, followed by their use of FX-1400
against the USS Savannah a few weeks later, how-
ever. did more to bring to the attention of senior
execeutives at the planning level the possibilities in
guided missiles than all the previous demonstrations
and reports by research and development groups.
This was perhaps as true in the Services as it was
within NXDRC. The V-1 buzz-bomb and the long-
range V-2 rocket, while not guided in the =ense that
their trajectoriex could be altered after launching,
stimulated a continuing interest, As World War I1
closed, there wus probably no military development
program, with the exception of atomic power, of
higher priority than guided missiles,

NDRC had four svstems of guided missiles in its
development program. Two of these saw combat use,
and a thiird wax in production for combat with crews
in trainng at the end of hostilities. These svstems
comprized radar-homing glide bombs, visually guided
high-angle bombs with radio remote control, a heat-
homing high-angle bomb, and a medium-angle bomb
of high maneuverability guided by television. In ad-
dition, the program included the development of a
few of the many components which were suggested
to rontrol or to assist in the control of hombs,

Gripe BoMmas

The glide bombs developed by Divigion 5, NDRC,
were high-wing monoplanes which were character-
ized by two features. They had a high-wing loading
s0 that they were self-supporting only at speeds con-
siderably greater than those of conventional hom-
bardment aireraft; they consequently had to be car-
ried under the airplanes that attacked with them.

Unlike the glide bombs of the Army Air Forees’
program, thev had no rudders or elevators. Con-
trolled flight was obtained by trailing-edge wing flap=
which altered the lift developed by the wings. These
flaps were controlled through a linkage which per-
mitted the flaps to be raised and lowered either ex-
actly together or in opposition—one up, the other
equally down. Simultaneous elevation or depression
of the flaps provided control in range. Differential
operation of the flaps provided control in azimuth.
This design produced in the missile the characteristic
of nearly constant angle between the fuselage and
the line of flight for all inclinations of the glide path.

Thus a homing device mounted in the glide bomb
could be bore-sighted so that its axis of scan was al-
ways approximately tangent to the flight path. All
the work of the Division has indicated that this is
the most important property of homing missiles. Un-
less the homing device scans along the line of flight,
a computing device has to be inserted in the servo
system to correct continuously for angular deviations
between axis of scan and the flight path. The homing
missiles of the Division’s program were designed to
look where they were going.

The radar-homing eontrol equipment for the glide
bombs came in two vemsions. The initial version,
Pelican, was a Division project. The radar trans-
mitter which illuminated the target was mounted on
the carrving aircraft. The glide bomb carried the re-
ceiver. Some restriction was thus placed on the
maneuvers which the aireraft could make after re-
lease. since it had to maintain a position and attitude
which would permit continuous ilumination of the
target until impact. Actually, this restriction was not
serious, as the transmitting equipment (ASG) had a
considerable range and a substantial field. A very
satisfactory maneuver was to drop the missile at &
range of 12 to 15 miles, make a 180-degres turn,
and withdraw. Such a maneuver kept the attacking
aireraft beyond the range of antiaireraft defense while
still providing strong radar illumination throughout
the 4-minute flight of the missile.

In the second version, Bat, in which the Division
acted as consultants to the Navy Bureau of Ordnance
on the radar while continuing in a position of prime
responsibility for the entire system, both the radar
transmitter and receiver were mounted on the mis-
sile, This design removed all restrictions on the
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2 SUMMARY

maneuverability of the aireraft aftei release, hut the
operation of the fourth-power law in the relationship
hetween received signal and range to the target in-
trottuced a problem in automatie gain control that
wits solved only by restricting the launching range
to a maximum of some 7 miles. The range restrietion
with Bat was deemed by the Navy to be of less
severity than the maneuverability restriction with
Pelican, Aecordingly, Bat was pushed to completion
and was successtully used against Japanese shipping
and naval units during the Jast months of the war.

The projeet is continuing under naval direction,
working toward the additior of lead prediction so
that the missile need not flv a pursuit course against
amoving target or g stationary target in the presence
of wind.

A television-guided version, Robin, was success-
fully demonstrated early in 1943 but was not prose-
cuted beeause of its parallei development with the
AATF glide bomb GRB-1.

Azox axn Razow

Two versions of controllable high-angle bhombs
were developed, Each was visually sighted and re-
mately controlled by radio. The objective was to
develop i missile of considerably greater preeision
than the standard high-level bomb, but which could
be carried in and reieased from the existing racks in
the bomb-bavs of standurd aireraft, The main ch-
juetive, thorefore, prechided the use of any support-
ing serodynamice surfaces mueh larger than the tai!
fin of a standard bomb. Aerodynamie control had to
he abtained, therefore, from the bomb body itself,

Flimination of roll was important sinee in’ control
of the homb the identity of rudders and elevators—
azimuth control and range control—had to be pre-
served, The problem was solved by atlerons. The
atlerons were cantrolled by a free gyro (which pre-
served the homb’s orientation ) and arate gyro twhich
damped out roll oseillation), This problem is more
acute in a bomb which 1= controlled in both senses,
range aond azimuth, than in one that is controlled in
one sense only. With a conventional tail strueture
the simultancous application of control in vaw and
piteh produces zoll torques whieh are more difficult
to cope with than are the roll torques due to the un-
intentional asymmetries wsually preseat in produc-
tion bambs,

The Division, therofore, pressed the development
of Azon, a visually guided bomb remotely controlled

in azimuth only. Its successful demonstration to the
military at Muroe California, oceurred on Septem-
ber 10, 1943, 4 fortnight. after the appearance of the
first German guided missile. A rush produetion pro-
gram was undertaken, and, in March 1944, a group
of B-17 aireraft equipped with radio-control trans-
mitters for Azon left for the Mediterranean Theater
of Operations, The missile was effective there against
transportation links of the enemy forees which were
resisting the Fifth Army’s advance in the Italian
eampaign. In particular, the Avisic Viaduet south of
the Brenner Pass was closed by Azon. Other suecess-
ful operations with Azon against the locks of the
Iron Gate on the Danube led to the acceleration of
Azon production.

Use of Azon in the European Theater was less sue-
eessful, although successful missions were flown
against key bridges on the Seine and Loire just prior
to and during the Normandy operation. The prin-
cipal reason for lack of success in this theater seems
to have been organizational rather than technical.
Specifically, the policy of evaluating the efficiency
of a squadron on the basis of the tonnage of bombs
dropped rather than on the number of targets de-
stroyed militated seriously against the success of
Azon in the ETO. However, in the Burma campaign,
December 1944 to the end of hostilities, Azon was
strikingly effective, thoroughly disrupting Japanese
cemmunications by repeatedly cutting bridges on the
Taungup Road and the Bangkok-Chiengmai railway.

The accomplishment of 1emote control in both co-
ordinate axes, range and azimuth, was more difficult.
The normal cruciform tail-fin strueture was aban-
doned in favor of an octagenal shroud, which is only
slightly subject to roll vaque due to simultaneous
application of control in yaw and pitch. As a further
assuranee of roll stability, the area size of the ailerons
und their speed of operation were increased.

A more important problem than roll stabilization,
however, was that of parallax. It is impossible for an
observer in the bombardment aireraft to estimate
the range error of his hombs accurately since he looks
along the plane of the bomb trajectory. The (iermans
solved this problem in FX-1400, their high-angle
dirigible bomb, by a maneuver of the airplane which
placed it well abaft the missile. This maneuver re-
sults in nearly stalling out the airplane, and was
deemed by the Division unacceptable for combat,

Instead, the Division developed with the coopera-
tion of the NDRC' Fire-Control Division, the ('rab
attachment to the standard M14 bombsigh?. This
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SUMMARY 3

very <imple attachment superposed an image of
Razon—the high-angle bomb controlled in range and
azimuth onlv—onte the image of the terrain as seen
through the bombsight at the point where the bomb
would fall with no further control. Thix development
permitted the bombardier to correet errors in aiming
throughout the time of flight of the bomb.

The improvement in accuracy due to the use of
Azon compared with standard bombing in some thir-
ty times, That is to sav for the same high prabability
of obtaining a hit on a target approximately 50 ft
square, thirty times ax many individually aimed
standard bombs have to be dropped as are required
with Azon. This figure of merit was developed by the
NDRC Applied Mathematics Panel based on test
data taken at the AAF Proving Grourd and at the
evaluation base of the Air Forces Board.

The improvement with Razon is some three hun-
dred time=. The gain due to range control—ten times
—ix Jess than the gain due to azimuth control since
errors in extimation of time of flight, which contribute
to the range error, cannot be corrected by the C'rab
sight. The addition of Jag (Just Another Gadget)
eliminated about two-thirds of the range error caused
by error in estimation of the time of flight, resulting
in ap overall improvement of some 700 times in ac-
curaey over conventional bombing,

Units to take Razon into combat were in training
when the war closed.

Frux

The visually guided high-angle bomb required a
continuous bomb run from the release point until the
instant of impact. To eliminate this requirement and
to provide the possibility of precise night bombard-
ment, the Division develeped Felix, a heat-homing
high-angle bomb.

The distinction hetween heat and other infrared
radiations must be stressed even in this summary.
For reasons that are fully developed in Chapter 3
and Appendix (', the Divisicn concentrated on heat
detectors in the region between 8.5 and 15.¢ microns.
The water-vapor absorption of infrared rays at
other wavelengths make their use for missile centrol
impructicable.

The statement is repeatedly made that the Ger-
mans had infrared detectors very much more sensi-
tive than we had. So far as heat-homing missiles are
concerned, this statement is insignificant without
quantitative referenee to the wavelength band, In

the wavelength band where heat homing ix practi-
cable, the statement is not true.

The aerodynamic structure of Felix was substan-
tially that of the Razon—a standard 1.000-1b GP
bomb with an octagonal control tail. Stabilization in
roll was accomplished by an identical gyro svstem as
for Razon, controlling similar ailerons,

The missile was guided to the target by a heat-
sensitive element which scanned the terrain toward
which the homb was falling and directed it toward
the quadrant—up. down, right, or left—which ra-
diated the greatest heat flux. Thus a thermal target
such us a steel mill at night attracted Felix by virtue
of the heat which it radiated. The missile structure
developed considerable angle of attack in altering its
trajectory. In order to make the axis of scan lie ap-
proximately tangent to the line of flight, the scan-
ning head was mounted in gimbals and connected to
the rudders and elevators. This is an approximation
to the requirement. that a homing missile look where
it is going. A precise fulfillment of this requirement
involves transient analysis of the response of the mis-
sile as an cerodynamic body. Techniques for such an
analysis do not as yet exist,

The sensitivity of the heat-scanning head—10-7
watt per sq cm-~~was suflicient to make Felix an ef-
fective missile against many targets. Much further
study of target heat radiation is required before the
full effectiveness of Felix ean be assessed and the
advisability of developing more sensitive heat detee-
tors determined. Tn any case, a study of the absorp-
tion of radiation in common atmospheres from the
visible range out to 20.0 microns is seriously
needed.

The missile was successfully tested against Chan-

nel Key, Florida, and units were in preparation for .

rombat by the Tweutieth Air Force as World War IT
closed.

Roc

Roe was a highly maneuverable medium-angle
bomb developed by the Division as a homing bomb.
Initial aiins to utilize radar homing were frustrated
when experiments by the Division's radar group dis-
covered that satisfuctory resolution at microwave
frequencies could not be obtained at the glide angles
which Roe could attain, “Che use of television was
then planned.

As the war closed, development was incomplete.
The project was transterred to the Arniv Air Forces
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4 SUMMARY

when the research and developmental activities of
the Division terminated.

('OMPONENTS AND TECHNIQUES

In addition to the four missile systems just men-
tioned, the Division prosecuted development pro-
grams on various component devices and accessory
techniques. Some of them are sufficiently noteworthy
to merit review in this summary. In particular, a
general conclusicn which the experience of the Divi-
sion emphatically taught should be pointed out. The
independent development of components without re-
gard tothe dynamiccharacleristicsof all the components
which comprise a guided-missile system leads in
general to failure. Overall responsibility for the com-
plete system must be placed in 2 single coordinated
group.

At present, the developiment of the guided-missile
art does not permit the evaluation of the dynamic
characteristics of the elements—for example, homing
device, servomechanism, and airframe—which eom-
prise a guided-missile system. Indeed no suitable vo-
cabulary has been formulated for expressing them.
Broad research studies involving such subjects
as transient aerodynamic responses are seriously
needed.

TELEVISION

The Division studied the application of television
to guided missiles, Compact, lightweight television
equipment. utilizing carrier frequencies of 100, 300,
800, and 1,800 mc was developed. Amplitude modu-
Jation and frequency modulation were explored. In
general, it can be said that no television-missile sys-
tem was successful as World War I closed, although
spectacular improvement in pickup sensitivity had
been necomplished through the development of the
image orthicon camera tube.

A problem, unsolved at the end of hostilities, was
the interference between two television signals re-

ceived at the controlling plane. Both of these signals
originated at the television bomb: one was trans-
mitted to the aireraft divectly, the other was reflected
to the aireraft from the surface of the ground. These
two paths were continuously changing in length, the
direct path lengthening as the bomb approached the
ground and the ground-reflected path decreasing.
Thus the two signals were received at apparently
different frequencies, and their interference produced
a moving pattern of bars across the received picture.
The spacing, orientation, and motion of the bars in
the pattern depended upon the relative velocity of
the airplane and the bomb.

The only cure appears to he to use a television
transmitting antenna so directional that no signal
can reach the ground to be reflected upward to cause
interference. In order to get directional antennas of
a reasonable size and low aerodynamic drag it was
necesscry to go to higher frequencies. Work on a
television transmitter for Roc operating at a ecarrier
frequency of 1,800 me was in progress as hostilities

ceased.

SIMULATION

The problem of guiding a missile ix one of compli-
cated dynamies. The differential equations probably
are at least of higher order than the second; the co-
cefficients sre, in general, nonlinear. Simulation is the
only means readily at hand for coping with such
problems.

The Division made a start in the development of
the art of simulative solution of the motion of a
guided missile. Much more work needs to be done.
Especially required is a2 method of assessing a par-
ticular problem to determine whether the most eco-
nomical attack lies through conventional mathema-
ties with the necessary broad assumptions, through
point-by-point analysis, through the use of some of
the modern computing assemblies such as the Rocke-
feller differential analyzer, or through the design of
a special simulative deviee.

»
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Chapter 1
GLIDE BOMBS

»

L1 INTRODUCTION

Two BROAD puUrrosks underlie the development
of guided missiles: the improvement in accuracy
and the extension of range so that the release point
for the missile lies beyond the range of lethal anti-
aireraft defense. The Division attacked both prob-
lems simultaneously in the glide-bomb development
(the Washington Projeet). Through the addition of
wings to give increase in lift the range was extended.
The development of a homing system—either manu-
ally through remote control and television or with a
wholly automatic radar system—greatly increased
the accuracy.,

Even before the outset of the glide-bomb project
in NDRC, remotely controlled aircraft had been
flown as gunnery targets. A glide bomb was under
development by the Army Air Forces and, in a pre-
set unguided version, was ready for standardization
as a combat weapon, In the Navy similar work was
going forward on pilotless, engine-driven aircraft and
gliders* remotely guided into a target.

In order to make the axis of received intelligence
—i.e., television or radar—continuously tangent to
the flight path, the missile was designed to fly with
an angle of attack as nearly constant as possible, To
achieve maximum range from the release point to
the target the missile was made aerodyvnamically
clean.

These principles were embodied in the three mis-
siles shown in Figure 1: Robin—a missile of 12-ft
wing span, carrving a 2,000-1b GP bomb and guided
by television; Pelican—a missile of 8-ft wing span,
carrying a 325-1b depth charge and self-guided by
radar reflections from signals radiated by a trans-
mitter located in the earrving aireraft; Bat—a mis-
sile of 10-ft wing span, earrying a 1,000-1b GP bomb
and =eli-guided by radar reflections from signals ra-

» The distinetion between gliders and glide bombs is a subtle
one; of course, strictly speaking, the latter forms a specific
group of the former. In this volume each term will carry o
specific implication. Gliders are nonpowered winged missiles
whoze wing loading is low enough to make them self-support-
ing at the flying speed of ordinary aircraft; they can, in conse-
quence, be towed, Glide bombs are nonpowered, winged missiles
whose heavy wing loading requires a fiying speed ahove thut of
conventional aireraft; they must, therefore, be carried.

diated by a transmitter locaied in the missile itsell.
This combined transmitter-recviver equipment was
developed for the Navy, the Division carrying the
responsibilities only of a consultant,

Of these missiles one (Bat) reached combat. Robin
reached a point of sufficient development to achieve
the accuracy inherent in existing television. The rela-
tively flat glide angle produces considerable fore-
shortening of the television picture, which makes it
extremely difficult for the controlling bombardier to
estimate and to correct the error in the range sense.
Even with the improved quality of television now
available, the desirability of pursuing the develop-
ment of television-guided glide bombs is doubtful.

By the time Pelican was sufficiently developed for
combat use, the submarine menace had been largely
eliminated by other methods; a larger payload was
required for other targets, and the limitation in
maneuver placed on the airplane carrying the radar
transmitter made the prosecution of the develop-
ment of Bat in the 1,000-1b size more attractive to
the using Service than the development of a 1,000-1b
Pelican. The Bat method of control, however, poses
problems not found in Pelican,

12 GENERAL

The general aspects of homing-bomb design are
treated in some detail in Chapter 12, Barelv more
than a recitation of the problems which have to be
solved will be attempted here.

121 Coordination of Missile

and Control

The problem which has proved of greatest impor-
tance to this Division has not been one of pure
science nor—in its most limited meaning—one of
technology. It is what we have come to call systems
engineering and has, perhaps, been most aptly ex-
pressed by Dryden in Chapter 12:

“The impression is prevalent that scientific ad-
vances in many. fields have progressed to the point
where the development of such a missile is purely a
matter of engineering design on the part of specialist
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GENERAL 9

groups with the usual coordination as to dimensional
requirements, weights, and time of completion. Ex-
perience has taught otherwise, Optimistic time sched-
ules based on such an assumption cannot be met.
The development of successful homing acro-missiles
requires the solution of certain research problems as-
sociated with the complete article, involving complex
relationships between the performance characteris-
ties of the component parts. There is required a type
of everall technical eoordination beyond that requived in
the design of aireraft as ordinarily practiced.”’ (Italies
ours. Kd))

Where this principle Lhas been cbserved in the
projects of this Division, a measure of suecess has
been achieved (sce Chapter 2 particularly); where it
has been disregarded, failure has alwavs resulted. 1t
is noteworthy also that the Japanese, in the develop-
ment of an infrared-homing glide bomb, fell into pre-
cisely this trap; in spite of having competent scien-
tifie personnel on each segment of the problem, they
failed through absence of strong coordination be-
tween the investigating groups.

122 Target Discrimination and Tracking

Target diserimination in television depends upon
the ability of the television equipment to furnish the
hombardier with a clear picture of the target area.
"This in turn depends upon th: ensitivity, resolution,
and contrust capability of ti..- pickup tube and the
reliability of the radio link. These problems are dis-
cussed fully in Chapters 5 and 6.

With automatic radar homing the judgment of a
human operator is not available for diseriminating
between the multiplicity of echoes which are usually
returncd from the target area. For certain special
cases, e.g., an isolated aircraft in a cloudless sky,
no ambiguity exists. In other instances, as with ships
at sea, dizerimination can be obtained by limiting
the illuminated area to include only the target to be
attacked. In pulsed radar there is also the possibility
of utilizing the time of travel from transmitter to
target to receiver as a means of discrimination, In
this method it is necessary to have an automatic
range-tracking element in the circuit so that the
homing device will continue to respond to echoes
from a single target as its attack is pushed home.

Range tracking is essential in any event to resolve
the target from the signal from the ground or sea
directly beneath the missile. This signal is always
present, since the antenna syvstem cannot be made

completely directive. Indeed no radar-homing meth-
od appears to be currently available if the missile-to-
turget distance is less than the altitude of the mis-
sile, as it might be in some antiaircraft versions.

Tracking both in azimuth and in range is accom-
plished in the missiles of the Washington Project by
so controlling the missile that it heads continuously
for the target, 1.e.,, on a pursuit course, A method
which keeps the radar dish continuously pointed at
the target and controls the missile by the departure
of the axis of sean from some reference axis in the
missile has been suggested and should be explored.
This technique offers better possibilities for attacks
along an interception eourse than does the method
used thus far.

To provide for failure of the signal due to the flue-
tuating character of radar or for other reasons, the
servomechanism® must contain a memory element
which will keep the missile on course until the signal
is restored. Even with such an element in the servo-
mechanism, the cone of vision of the radar receiver
must be sufficiently broad to ensure that the target
will be contained within it when the signal is restored.

133 Aerodynamic Problems

A missile kas six degrees of {reedom; translation
along and rotation about the axes of roll, yaw, and
pitch. Rarely will it reach a state of complete equi-
librium. Bomb-like missiies are, in general, still under
acceleration along the roll axis at the instant of im-
pact. Lanchester! has shown that a glider with con-
trol surfaces fixed in the neutral position does not fly
a straight line under the propulsion of gravity;
rather, there is a perindic increase in speed with a
corresponding increase in lift which flattens the glide
path. The component of gravity in the direction of
flight being reduced, the glider slows down, loses lift,

b In this volume terms involving the word “servo” have a
specinl significance beyond that usually aseribed to them in
aireraft-engineering practice:

1. Serro link, a mechanical power amplifier by which signals
at a low power level are made to operate control surfaces
requiring relatively large power inputs (e.g., a relay and
motor-driven actuator).

2. Servo system, un closed feedbuck loop comprising the in-
telligence device, automatic pilot if any, the amplifying link,
and the missile itself.

3. Serromechanism, the feedback loop exclusive of the mis-
sile itself.

This convention follows the principle suggested by Warren
Weaver. (See Fundamenlal Theory of Servomechanisms, LeRoy
A. MacCull, with foreword by Warren Weaver, D. Van
Nostrand Co., New York, 1945.)
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10 GLIDE BOMBS

and consequently assumes a steeper ghide path untit
sufficient speed has been acquired for the eycle to
repeat. Thus the actual glide path is a sinuous curve
about a downward-inelined axis. Since the lift varies
with the square of the speed and nonlinearly with
the attitude of the control surfaces with respect to
the wind stream-—angle of attack—the curve is not
a sine wave. Lanchester called it a phugoid. The
phugoid period in seconds is about one quarter of the
missile velocity in feet per second. Glide bombs have
a phugoid period of about 88 seconds. Time constants
of angular motion are considerably shorter, ranging
from a fraction of a second for rotation about the roll
axis to a few seconds for yaw and piteh. Efforts to
analyze any missile statically and to design a servo-
mechanism based on the assumption of equilibrium
conditions must fail.

In the steady state, i.e., after equilibrium is estab-
lished, a glide bomb with properly actuated control
=urfaces flies rectilinearly along a path which is in-
clined downward by an angle whose tangent is the
ratio of drag to lift and at s constant speed propor-
tional to the square root of the wing loading. The
glide hombs designed under this project have a
maximum lift-drag ratio of approximately 7 and a
flving speed in the vicinity of 230 mph.

In conventional aircraft, change in lift is accom-
plished by deflecting an elevator so that the wing
and consequently the entire structure undergoes a
change in angle of attack. Were such a design applied
to a homing glide bomb, the axis of scan would be
tangent to the life of flight for a single elevator set-
ting only. In glide bombs using this type of control,
attempts have been made to compensate for varying
angles of attack by a feedback link from the elevator
which adjusts the angle between the axis of scan and
the axis of roll. Such compensation can be made ap-
proximately valid under conditions of equilibrium,
but are applied only with great difficuity under tran-
sient. conditions. As has been pointed out, a steady-
state, statie equilibrium rarely is obtained with mis-
siles,

In the glide bombs of the Washington Project the
problem was solved by the use of elerons—full-span
control flaps on the trailing edge of the wings. De-
flection of the elevons varies the lift of the wing from
approximately zero to a large positive value. Proper
location of the center of gravity of the missile and a
fixed tail structure provide moments from the down-
wash which balance the moments produced by the
faps. The result is a missile which, in the steady

SECRET

state, maintains its angle of attack constant within
1 degree for the normal operating range of the con-
trols and within 4 degrees for full elevon excursion.

In lieu of a rudder, differential operation of the
elevons sets up a roll which in turn produces a eom-
ponent of wing lift normal to the line of flight, This
lift, applied to the mass of the missile, produces a
centripetal acceleration.

The dynamic analyses of the performance result-
ing from these methods of control are outlined in
Sections 1.4 and 1.5.

134 Interdependence of Controls and
Correlation with Intelligence Coordinates

The controls which affect the moments about the
three axes of a missile are not independent. Thus
rudder action produces a slight rolling moment in
addition to the yawing moment which changes the
heading of the missile to the right or to the left.
There follows a larger rolling moment because of the
reduced lift of the wing, whose absolute speed is de-
ereased by rotation about the yaw axis. Similarly the
ailerons produce a yawing moment in addition to
their primary roll moment. The roll moment result-
ing from the yaw may either add or subtract from
the roll produced by the ailerons directly. The inter-
action of controls in pitch with yaw and/or roll are
small.

Homing devices and television are essentially two-
dimensional intelligences, i.e., they give indication as
to the azimuth and clevation of the target with re-
spect to the axis of sean. Radar offers the possible
addition of a third coordinate, the slant range, but
no embodiment of this principle has been applied to
missiles. The servo system has to take into account
this discrepancy between two-dimensional control
and the three-axis control problem which the preced-
ing paragraph showed to be inherent in aesromissiles.

Furthermore, roll of the missile, since the axis of
roll in general is neither coincident with nor exactly
paralle] to the axis of sean, has an effect on the ap-
parent position of the target with respect to the axis
of sean and therefore on the error signal. Pitching
and yawing have similar but reduced effects. These
effects are subject to quantitative analysis in the
idealized case but are difficult to generalize. (See
Chapter 7 for a more complete three-axis develop-
ment of the dynamics of the Pelican family of mis-
siles.)

The fuller discussion of these interactions between
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GENERAL 11

the elements of the servo system in Chapter 12 indi-
cates the possibility of their reduction. Homing mis-
siles can be made to work with the interaction pres-
ent. Further aerodynamic and servo-system research
looking toward the possible elimination of interaction
is urged.

12.5 Stability and Hunting

Like any feedback loop, the servo system consist-
ing of the homing missile and its controls will be un-
stable if phase and gain relationships around the loop
are not kept within appropriate limits, In general,
instability will result in angular hunting about the
three axes of the missile; in extreme cases of instabil-
itv the missile may turn completely over and fall in
a spin. A hit by a missile flving with a sustained hunt
is purely fortuitous, depending upon the amplitude
of the oscillation and its phase at the instant of im-
pact; if the amplitude of hunt can be kept small, the
miss will be small.

The source of instability lies, as has been indicated,
in the phase-gain characteristic of the loop. As the
error signal crosses zero, the control surfaces should
cross their neutral position. The lag between these
events permits an input of cnergy into the system
which must be absorbed by aerodynamic damping.
The amplitude of hunt will build up until the eyclic
energy input ix equal to the energy dissipated in
damping.

Two methods of reducing the hunt have been ap-
plied. An electric phase advaneer ean be designed
which will reverse the error signal before the error is
actually zero. Such an advance permits the control
surfaces to pass their neutral position as the target
comes on course, or even to lead that event, The
latter situation correspouds to overdamping and is
inherently nonoscillatory. This correction is secured
at the cost of considerable attenuation of the error
signal and requires a correspondingly increased gain
in the receiver amplifier. A second method has been
used with success, A rate gyro measures the angular
velocity with which the missile comes on course. The
indication of this gvro biases the flight-control equip-
ment responsive to the radar so that the moment
excrted on the missile toward true course depends not
only upon the error in heading but also upon its first
time derivative. By making the component of mo-
ment which is dependent upon the derivative of error
sufficiently large, the svstem is rendered nonoscil-
latory.

........

SECRET

Ng aspeet of the design of homing missiles is more
important in achieving final aceuracy than the prop-
erty of dynamie stability. Serious study of Chapter
12 and the references cited there is urged.

128 Moving Targets and Wind

If the target is in motion with respect to the mass
of air through which the missile flies, the missile will
attack the target along a pursuit curve. W. B. Klem-
perer in Appendix A has shown that a missile with
finite mancuverability cannot in general hit a point
target unless the ratio of the speed of the missile to
the speed of the target lies between 1 and 2. It is
obvious that except {or a level, head-on attack the
missile will be unable to overtake the target if the
ratio is less than unity. If the ratio is in excess of 2,
except for a level, head-on attack or a stern chase,
the curvature of the pursuit curve becomes infinite,
requiring an infinite maneuverability on the part of
the missile.

Three-dimensional analysis of the pursiit problem
is extremely difficult; no complete study of it seems
to have been made. An idealized solution has been
made for glide bombs under the direction of the
Applied Mathematics Panel of the National De-
fense Research (Committee. It shows that against
ship targets*the miss due to pursuit-course curvature
is verv small if the azimuth of the target at launching
is about 145 degrees with respect to its path.

A solution to the problem may lie in a computer
which will cause the missile to lead the target and to
fly a rectilinear interception course. A servo system
within a servo system is implied, and a nice adjust-
ment of the phase-gain relationship is required. Dry-
den indicates in Chapter 12 that such a computer
amounts to positive feedback and that instability
muay result. Doubtless, inept choice of parameters in
the design of such a computer ean lead to failure.
The techniques learned in the development of fire-
control equipment, however, provide powerful tools
for the attack on this problem.c

Errors of alignment of the axis of secan with the
tangent to the flight path give rise to errors analogous
to those due to the pursuit curve. If the angularity
between the line of flight of the missile and the axis
of scan—the bore-sight error—is constant, the pro-
jection of the trajectory is a logarithmic spiral with

© A study of Aiming Controls in Aerial Ordnance by George
A. Philbrick, STR Division 7, Volume 3, Part I, is recom-
mended.
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13 AERODYNAMIC FEATURES®

The glide bombs developed under this project con-
sist of high-wing monoplanes of laminated-wood,
monocoque construction. The wing loading is ap-
proximately 70 psf, and the three sizes (8 ft, 350 lb;
10 ft, 1,000 Ib; and 12 ft, 2,000 ib) are substantially
homologous. (See Figure 1.)

Control is ohtained from elevons which operate in
conjunction for control in pitch and differentially for
control in roll. Turning moments are derived from
roll. A fixed empennage with twin disk-shaped fins
stubilizes the missile in vaw and pitch; the position
of the empennage with regard to the center of gravity
of the whole assembly and the decalage between the
wing and stabilizer provide nearly constant angle of
attack.

The model with the 8-ft wing span was tested at
an airspeed of 90 mph in the NACA wind tunnel at
Langley Field. The following tabulation presents the
significant characteristies of the structure at trim.
The data were obtained by allowing the missile to
assume an attitude in the plane of the yaw and roll
axes such that the pitching moment (C.) was zero.
Direet observations of change in attitude gave the
variation in a, the angle of attack. Lift and drag were
measured in the usual manner. Longitudinal stability
at trim (8C,./da when C,, = 0) is not directly re-
ported as a function of elevon angle, é. It is deter-
minable, however, from the data reported, and Sec-
tion 1.4 shows the important application of this fune-
tion to the study of iongitudinal hunting.

The flattest glide angle (8.0 degrees) which is de-
rived from a lift-drag ratio of 7.11 is equivalent to
1.35 miles of range for each 1,000 ft of descent. Fx-
tension of the operation to the absolute limits leads
to failure, however, since the departure from linearity
of the C'1/Cp vs & characteristic is great, and more
particularly because the angle of attack is not eon-

B A R L Dy R L o e I T e O L e AT
12 GLIDE BOMBS
infinite eurvature at the point of impuct. With finite ™ i, T Steady-state Angle of
maneuverability in the missile, a miss proportional ungle Lift Drag  glide angle*  attack
to its minimum turning radius and to the square of ” ':wﬁ\ C“'gj"‘e"t C"egc‘e"t ﬂ()ti-l Ci/ )("” @ * )

- . e . e 0S . . [)

the bore-sight error will occur. So far as the Division cgreee) L 2 e eaTees
is aware, no analysis of the combination of these ef- ~20 0 0.062 90 41
fects has b blished : h Tvsis is seri . —-15 0.03 G.053 60.4 3.7
ects has heen published; such an analysis is &‘,er:musl_\ 10 0.08 0.048 309 35
needed. In this project the effect has been minimized -5 0.15 0.046 17.1 3.5
by reducing as far as possible variations in angle of g 8;{:’ gg‘g lé-g 22
at.tack and by careful alig.nn.xent of tl}e axis of scan 10 0.46 0.066 81 5.3
with a fixed reference axis in the missile to avoid 15 0.59 0.083 8.0 6.2
bore-sight error. 20 0.72 0.110 8.8 7.5

*Referred to horizontal flight.

stant. Within the range 8 = —10 degrees to § = 45
degrees, the variation in « is only 0.9 degree. In
practice the missile was dropped at a range to require
a glide-path ratio of 3.5 to 4.0 (6 = —4 degrees to
8 = +5 degrees). In the region reasonably adjacent,
C./Cp vs & is essentially linear.

While the full excursion of the elevons to the posi-
tion of flattest glide (8 = 15 degrees) eannot be suc-
cessfully utilized for stretching the operating range
of the missile, the implication that mechanical limits
can be set on their movement (say at —10 and 47
degrees, which represent the limits of approximate
linearity of L/D vs §) would be wholly false. Since a
differential elevon action is superimposed on joint
elevon action for combined turn and change of glide-
path ratio, the full excursion may be required.

No tests were made to determine &« with Coo = 0
when combined differential and joint displacement
of the elevons is applied. It may be that there is
concealed here a considerable variation in angle of
attack which vitiates the accuracy of the missile.
Further studies appear to be indicated to explore
this field. Moreover the dvnamic application of
steady-state data from the wind tunnel is a matter
which strongly demands further inquiry.

1.4 LONGITUDINAL STABILITY
OF GLIDE BOMBS

141 Analytical Studies*

The stability characteristics of a glider are those
qyualities which determine its motion after a small
deviation from an initial condition of equilibrium.
Longitudinal stability limits these properties to those
which determine translation along the axes of roll
and yaw and rotation about the axis of pitch. It is
the group of characteristics which, when taken to-
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gether with those of the homing device, the automatie
pilot, and the servomechanism, defines the perform-
ance of a homing glide homb in the range sense.
The conditions of equilibrium in flight are defined
by:
Wesiny + 3pSVICp =0
Weosy + 3oSVCL =0 1)
1SV, =0

where® W is the weight of the missile,
S is the effective wing area,
V is the velocity of the missile,
p is the density of air,
v is the downward inclination of the flight
path, and also
m is the mass of the missile,
B is its moment of inertia in pitch,

LONGITUDINAL STABILITY OF GLIDE BOMBS 13
Now if:
o AV
r=
1 2
L = acceleration due to lift = 338—'2—0—“
1 .Qy/2
D = acceleration due todrag = ﬁ%-;i‘i
1 3
M = angular acceleration in pitch = ?_"‘_S_I‘;_C_"'.
alL 9L
L.~ da ' Li = 35
oM oM oM
Moo= Me=50 W=7 3)
. _ oM . _ oM
Mi=T35 M=
we obtain:

g is the velocity head,
Q is the attitude of the missile, and
¢ is the mean aerodynamic chord.

After a small displacement in V', v, Cp, Cy, and C,,
—as by operation upon them by the increment, A—
these equations become:

W cos yAv + 2pSVIAC) + pSVCpAV = mV

— W sin yAy + }pSV2AC, — pSVC.AV = mV v (2)
pSeVCnAV + 3pSV2eAC,, = Bl

In his classical solution of these equations Lan-
chester! considered the glider as flying in a conserva-
tive field, i.e., no drag, and considered only the case
where the control surfaces are fixed. In the present
study the development is extended to include the
major effects of drag and the motion of the elevons
which comprise the control surfaces of the glide
hombs of the Washington Project. In arriving at an
analytical sclution which defines completely the mo-
tion of the missile in the plane of the yaw and roll
axes the following simplifying assumptions are made:

1. Angular velocities and accelerations have a neg-
ligible effect on C. and Cp, and therefore

2. €1, and Cp are functions of « and é only.

3. The relationship between €, and Cp on the one
hand, and « or & on the other is lincar.

4. Aa, AV, g, &, &, and 5 are considered small but
appreciable. Terms containing produets of two or
more of them are considered negligible.

5. Static characteristics as measured in the wind
tunnel are considered to hold in the dynamic or
transient state,

6. The servo system is ideal, i.e., linear and with-
out phase distortion.

SECRET

LAy +2Dv + D da+ Db+ Vi =0
—DAy 4+ 2LV + Lada+Lis = V- =0 (4)
M,y + &) + Modi + Mad + Maa + Mié
—3—-—a=0

There is nothing in equations (4) that requires
linearity or absence of phase distortion in the servo
loop. Such limitation is required for the analytical
solution. The limitation esn be expressed:

- & = K(A8 + ¢'0) (8)

where K and ¢’ are factors of proportionality. Equa-
tion (5) is a fundamental equation of an idealized
servomechanism; it requires that the elevon dis-
placement be proportional to the error in heading
and to its first time derivative.d After inserting equa-
tion (5) in equation (4) a solution is obtained which
gives, independently of the value of K, a short-
period, highly damped oscillation. This is the so-
called rapid incidence adjustment, and its independ-
ence of K shows it to be unaffected by servo design.

In addition to the short-period oscillation, there is
a motion whose character is dependent upon K. If
K is small, this motion is a long-period oscillation
similar to the phugoid of Lanchester but damped;
if K is large, the motion is not oscillatory and may
be either regenerative or degenerative.

If (3)(L/D)/(38) > 0, then the motion will be de-
generative or stable;if (3)(L/D)/(88) < 0, instability
may result. Such a situation sometimes arises when
the glide bomb is launched at too low a speed or

4 8ee Chapter 4 for a further discussion of the idealized
control regime for a missile guided by full-span flaps.
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14 GLIDE BOMBS

when too flat a glide angle—excessive range—is at-
tempted.

142 Solution by an Electromechanical

Analogue

The establishment of the equations of motion of a
glide bomb and their solution for the case where
control is effected through an ideal servomechanism
led to a broader study with more realistic servo-
mechanisms through the use of an electromechanical
analogue. This technique proved so powerful in at-
tacking such problems that it is discussed at some
length in Chapter 11. The applications of the prin-
ciples of dynamie similitude to the design and the
details of construction of the table are discussed
there.

The analogue consisted of a table free to rotate
about a vertical axis but with damping provided for
that motion (see Figure 2). The inertias of the ro-
tating system, the dumping faetors, and the com-
pliances are adjusted so that oscillation about the
vertical axis corresponds to the pitch oscillation of
the missile about its horizontal axis. A pitch gyro
{see Section 1.6) is mounted on the table, and its
output fed to a computing circuit. The computing
element in turn actuates the servo link, whose out-
put is spring-loaded to correspond to the hinge mo-
ment of the elevons,

The ovutput of the servo link, both as to velocity
and displacement, is returned via the computing cir-

cuit as a feedback to the table. Thus the system com-
prises a closed loop with all the elements of the mis-
sile system except the automatic homing device.
Several types of gyros and strengths of bias coils (see
Section 1.6) were tested, together with a very large
number of servo links. Typical curves are shown in
Figure 3.

13 LATERAL STABILITY
OF GLIDE BOMBS

The problem of lateral stability is not so simple as
that of longitudinal stability. The reason is suggested
in Section 1.2.4, where the interrelation between
aerodynamic forces and moments was deseribed.
Three principal modes of motion are considered: side-
slip velocity, roll velocity, and yaw velocity. These
are closely interrelated and are in turn sensitive to
elevon displacement, attitude in pitch, and inclina-
tion of the flight path.

A complete analysis of the problem is beyond the
scope of formal mathematics although a study wit"
simplifying assumptions can he made rewarding; in
Appendix B Skramstad has made such a study. Even
with the assumption of linearity of response, constant
air density, and the overwhelming preponderance of
certain design properties such as roll damping, the
dynamic equations lead to a quintic for the evalua-
tion of the roots.

In two-winged missiles the roll damping is large.
Unless the servo system introduces a positive feed-

AMPLIFIER

POWER SUPPLY

DAMPED TURNING TABLE

FiGURE 2. Flight-test table and accessories,

SECRET

- -
sTa" e
4

-y v
PR
B

.
* ¥

R

»

L]
LA -:

,.-..
i sy
- l.

»
L]

e
PENEN
L

-
»




> LATERAL STABILITY OF GLIDE BOMBS 13
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Fieure 3. Longitudinal oseiflation of Pelican in flight.

back, the assumption of roll-damping predominance The necessity of an automatie pilot (see Section
i= valid. Under this circumstance the motion of the 1.6) had been established. Its performance about the
missile after a perturbation in rell, yaw, or sideslip roll and yaw axes was dictated by a rate gvro whose
breaks down into three components: axis of rotation was inclined to the roll axis of the

1. .\ rapid exponential subsidence of the disturb- missile so that it was sensitive to both rate of bank
ance which, for the Pelican family of missiles, has a  and rate of turn. Thus roll and bank of the complete
time constant of about 1 second, servo system were doubly interrelated: through the

"

':: 2. A slower exponential factor, which may be either  fundamental aerodynamic properties of a two-winged

‘-.‘_' regenerative or degenerative. This component ex-

- presses the spiral stability of the missile: if it is de- 00" T |

- generative, the missile is spirally stable; if it is re- a0l / -]
generative, the missile is spirally unstable, The glide 0 ~
hombs of the Washington Project were spirally 60+ -
stable, although the margin of such stability was igt 7]
small. E . b'" —

3. An oscillation whose period is determined largely 3 20}~ —
by # yawing moment due to sideslip and whose damp- _E" T o -
ing ix determined largely by a vawingmoment dueto o 13 [ j
rate of yaw. The Washington Project’s missiles have ¢ 0] -
a period of oscillation in yaw of approximately 1 & 30} —
seeond and a time constant of about 1.67 seconds. § 4o —f
Simulation was invoked in the analvsis of the air- S01— 1

frame — automatie-pilot links of the servo-system :g B f:
chain. In the early phases of the program an analogue 80 |— ,l,_
model was eonstructed wherein roll and yvaw were wl- | Lo : Y

X studied separately, with corrections applied to the 100 e o 20 30 40

" results to take their interrelation into account. In the TARGET LEFT IN DEGREES TARGET RIGHT IN DEGREES
final work the entire servo svstem including the hom- Ficure 4. Radar homing signal vermsus error in
ing intelligence was simulated. (See Chapter 7.) heading.
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ROLL AND YAW OSCILLATION®

AS PREDICTED BY FUGHT-TEST TABLE

-4
) —
2
Y \ - T e T 0
s
ROLL AND 7AW QSCILLATIONS AS MEASURED IN FLIGHT

55 ™
nas
g ,
o3s -
e 'y 4 P 1 i 'y 'y Fi
£25 A ) A M &
418 AR e nh ) 1
3} e AR v i

‘; REGIT RARY 1 v 1 MI
"
B+o— .
%o Ll AANMAANAAA LJAAMAA A A 14_' MW .
z WEFT /V" MM YV VYVUY TVNYVVW
- -5

] 5 HYJ 5 20 29 30 35 40 43 S0 55 60 & 68

TIME IN SECONDS FROM RELEASE

FiGuRE 5. Output curves of flight-test table compared with flight tests, roll and yaw.

missile and through the coupling of the rate-of-bank-
and-turn gyvro.

The coefficient of eoupling effected by the gyro
depends upon the inclination of its rotational axis to
the roll axis. This angle of inclination was varied to
determine its optimum value. Runs were made with
the inclination angle at values intermediate between
2.5 degrees and 20 degrees. At 2.5 degrees the vaw
oscillation was negatively damped; at inclinaticns of
the gyro greater than 20 degrees the system was over-
damped and too sluggish. A value somewhat under
15 degrees was found most satisfactory in flight tests.

The radar-homing equipments (see Section 1.7)
were designed to give an error signal which is propor-
tional to the error in heading for relatively small
errors and is constant at larger errors. The error angle
at which the signal saturates is adjustable (Figure 4).
Exploration of the effect of varving the saturation
angle, called radar width, on the simulative flight
table showed that a radar width of +6 degrees wus

most suitable (Figure 5). This value also gave the
most satisfactory performance in flight,

L AUTOMATIC PILOTS*
16.1 General

The initial flight tests on this project were made
without sutomatic flight-control equipment. The ex-
periencc )f toy-model builders was a strong force
leadinz to the belief that automatic stabilization
would not be required. This hope proved to be false
in spite of the inherent stability expected from the
high-wing design.

The fundamental decision to be made in the design
of the automatic pilot was the choice between free
gyros and rate gyros. The free gyro provides a ref-
erence in space which—if the frictional forces in the
pivots and take-offs are minimized—remains well
fixed. Thus the datum from which a free-gyro—con-
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RADAR-HOMING CONTROL—RHB CONTROL

17

trolled automatic pilot controls is absolute, and the
whole assembly possesses memory. Loss of control
signal, cither from the radio-control link or from
temporary failures of an automatic homing system,
will not result in departure from course bevond the
tolerances of the gyro.

In the rate gyro the problems of take-off friction
are very easily solved since the whole strueture is
spring-restrained about the axis where movement re-
sults in contact elosure. It is relatively simple to
make contact friction small compared with spring
tension. As the free gyro holds the attitude of the
missile fixed, so the rate gyro holds its first time de-
rivative fixed. If the rate gyro could have a zero
tolerance or dead band, anideal situation, the resuits
would be identical. In a practical embodiment, the
rates of departure from desired attitude ean be suc-
cessfully small if the control signals are reasonably
continuous.

These considerations, together with the consider-
ably more plentiful supply of rate gyros, led to their
seleetion, 1t i interesting (see Chapter 7) that a suc-
cessor investigator reversed this decision, free gyros
having in the meantime become much more readily
availuable,

143 Basis of Design

From the outzet two rate gyros were used. One has
its rotor axis parallel to the axis of vaw and is free
to precess, ugainst spring restraint, in response to
pitching; its action s thus substantially that of a
rate-of-elimb indieator. The other gyro is mounted in
the plane of the vaw and roll axes, with its axis in-
clined to the latter axis by approximately 15 degrees
(Figure 6); it is thus primarily sensitive to rate of
turn but also has o secondary sensitivity to rate of
rull. Quantitatively the effectiveness of the instru-
ment as a rate-of-turn indieator is 97 per cent and a
a rate-of-bank indicator 25 per cent.

Electromagnets actuate the gimbals to close con-
taets which control the servo link, Thusif the “down”
contaets are closed by its magnet, the elevons are
defleeted upward (the direction of decreasing lift)
until the rate of pitch produces a precessional torque
un the gimbal sufficient to overcome the magnetie
pull.

Similarly it the “left” contacts are closed by sole-
noid action, the left elevon is deflected upward and
its mate downward until the rate of roll and the rate
of turn, biased rexpectively by the sine and cosine

SECRET

of the angle of inclination of the gvro rotor, produce
a precessiotal torque sufficient to overcome the mag-
net force of the gyro coils.

On loss of control signal in piteh; the missile will
be restrained, except for gyro tolerances, to zero rate
of pitch and will therefore continue along a substan-
tially constant glide-path angle. On loss of control
signal in azimuth, the turn-sensitive component of
precessional torque wil' right the missile at a rate
permitted by the roll-sensitive ¢omponent. There-
«.lter the glider will—again neglecting tolerances in
the gyro—fly a straight course.

In the television version of the glide bomb, iclays
in the output circuit of the radio-control receiver
energized, at a fixed eurrent value, appropriate elec-
tromagnets for ‘“up,” “down,” “right,” and “left"
control. Thus the bombardier had the option of im-
parting to the missile fixed rates of correction in range
and in azimuth. The amount of correction was gov-
erned by proportioning the ratio of time-on to time-
off. Skilled pilots did not always make the most suc-
cessful control bombardiers.

The output of the homing radar receiver is single-
valued in current as a function of error through a
considerable range. At a “left” error of about 20
degrees, the output is 8.0 ma direct currert. With a
20-degree “right’’ error, the output is equal in the
reverse sense. For approximately 6 degrees adjacent
to zero, the response is linear from —8.0 ma to 8.0
ma. Thus, under radar control the servo system
operates to give a rate of return to true course pro-
portional to the error in heading. In order to reduce
vaw hunting, a third gyro sensitive to rate of yaw
was later added to make the system inherently non-
oscillatory. All three gyros are shown in Figure 7.

1 RADAR-HOMING
CONTROL—RHB CONTROL"#

111 General Principles

The ull-weather property of a microwave makes it
an attractive agency for the control of a guided mis-
sile. The directional property of radar (Radio Direc-
tion and Range) suggested, even before the formation
of the Division, that the signals reflected from a
water-borne target could be used to guide a pilotless
aircraft to impact with exact accuracy. The radar-
homing bomb [RHB] was conceived as applicable to
powered drones, gliders, and to glide bombs. Within
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18 GLIDE BOMBS

conract arm —— AISONT >

CONTACT ADJUSTMENT "'"’_ B
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Fiaure 6. Rete gyro for glide-bomb automatic pilot.

the Division, only its application to glide bombs of
the Pelican family was prosecuted.

Military targets in general do not emit radio waves;
it is, therefore, necessury to illuminate them with ra-
io radiation if a missile is to home on them through

the agenny of radar. In RHB the target is illu minated
by the standard radar search equipment in che car-
rying aircraft. The equipment consists of a powerful
transmitter which emits a narrow beam of short-
wave trains of very high intensity. The reflections

HOMING INTELLIGENGE AUTOMATIC  PILOT ELEVON SERVO UNIT
UP ~DOWN - MTCH - up—-poOwN
INFORMATION .- GYRO - SERVO
NOTION
DI FFERENTIAL
RIGHT- LEFT [runn mmol_ SERVO
NFORMA - e by MOTION
BIAS GYRO
- 4 | '
g o
= | & " :
: s| 5, 3
= & =|"
: < ‘
= DIFFERENTIAL
< = - YAW OF | IROLL OF - MOTION OF
oLioerfcLioer ELEVONS ¥
x|
‘E’ l UP-DOWN
PITGH OF MOTION OF
- Loioen - ELEVONS
AERODYNAMIC RESPONSE ELEVON MOTION

Ficure 7. Block ciagram of

glide-bomb control system.
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RADAR-HOMING CONTROL—RHB CONTROL 19

F1GurE 8.

from the target are picked up by a receiver in the
missile. The output of the receiver actuates the auto-
matic pilot (Figure 8). The wave trains or pulses
oceur at a frequency of about 800 per second and are
0.7 microsecond long. The illuminating radiation
thus consists of a series of pulses in space, each 740
it lung and separated by 233 miles. The quasi-optical
property of the radar frequency, 3,000 me, provides
directional information as to the target’s location,
and the pulsed character of the illumination provides
meuns of determining its range.

The energy radiated from the illuminating trans-
mitter is focused into a narrow beam (approximately
+ 1{ degree to half-intensity) by the antenna struc-
ture. Within the field thus illuminated, every object
returns some reflected or scattered energy; the study
of the energy reflected from various types of targets
and from their typical backgrounds is basic to the
design of successful radar-homing systems.

113 Target Contrast

Although all military turgets will return a radar
echo, it may be impossible for the receiver to resolve
the desired signal from the multiplicity of echoes
from the objects which surround the target. This is
especially true of land targets. Even for water-borne
targets there may be considerable clutter from the
veean near the target, particularly when an appre-
ciabie sea is running. This is in addition to the very
large “altitude’” signal which iz returned from the
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RHB attack.

ground or sea directly beneath the receiver and which
the receiver must be Jesigned to reject.

In the microwave range the resolving power of a
radar receiver increases with increasing frequency.
Qualitative studies were made by the Radiation Lab-
oratory. The findings in the 3,000-mc band indicated
that the resolving power of the receiver was increased
if the incidence angle of the illuminating beam was
high. Extension of these studies by the MIT group
under Division 5 was made against a ship illuminated
at depression angles (the complement of incidence
angle) between 2 and 11 degrees. These tests showed
that nearly all the energy scattered from the ship
target lies in the sector extending from the sea to a
plane some 45 degrees above the incident beam. The
energy is distributed in azirauth on the illuminated
side of the ship in a roughly uniform pattern. Homing
on a reflected signal at approach angles steeper than
50 degrees is thercfore marginal; above 70 degrees it
is impossible.

These studies were extended and made more quan-
titative in the 10,000-me band. The energy returned
from the target and from the clutter was evaluated
in terms of the cross-sectional area of a spherical re-
flector which would return the same echo. This area

is defined as

_ lﬁw’rlzro_-'-'Pp
8. = TPGA,

In the foregoing:
r. is the range from the receiver to the target.
re is the range from the transmitter to the target.
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GLIDE BOMPS

P, is the peak received power.

P, is the peak transmitted power.

(7, is the transmitter artenna gain.

A, is the effective area of the receiver antenna.

Values of 8, were determined for targets ranging
in size from LST"s to 10,000-ton Liberty ships and
for the sea clutter through a broad range of rough-
ness. The receiver and transmitter in these experi-
ments were at the same location. As a funetion of
depression angle the equivalent cross-sectional areas
are:

Depression Equivalent Cross-Sectional Area (sq ft)
Angle (degrees) Target Sea Clutter
20 104 to 10° Negligible
30 10 to 10° Negligible
40 10t t0 6.5 X 100 7to 1.5 X 102
50 1# to 2 X 10¢ 15 to 1.6 X 10¢
55 250 to 10¢ 40 t0 b X 108
60 Negligible 200 to 1.6 X 104
70 Negligible 4+ X 1R to 6.4 X 10¢

Similar studies are required for land targets.

Successful homing operation is not to be expected
at depression angles close to 50 degrees, the limit of
resolution from clutter given in the foregoing table.
The fading character of radar will make range track-
ing at such angles of dubious religbility.

1.7.3

RHB Receiver

The energy returned from the target is detected
and measured by a superheterodyne receiver located
in the missile. The local oscillator consists of a kly-
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Fraure 9. Block diagram of RHB receiver.

stron tube with a tunable cavity, The signals from
the antenna and from the local oscillator are com-
bined in a crystal mixer to produce heterodyne beats
which are then amplified. The seven-stage i-f ampli-
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fier operates at 30 mc; it is tuned to this frequency X
but with sufficient band-pass to prevent undue dis- b
tortion of the (.7-microsecond pulses. A detector s
passes the envelope of the pulses which is amplified
and, after operation of the tracking system, com-
mutated to provide directional data to the automatic
pilot (Figure 9).

Fundamental information as to the direction of the
target is obtaired by a scanning antenna, A disk
dipole is located at the focus of a 12-in. diameter
parabolic reflector of 3.6-in. focal length. The “beam-
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Ficure 10. (Conical scanning process.

receptor”’ character of this antenna system yields a
signal which is down 50 per cent when the source is
+11 degrees from the axis of the reflector. The re-
flector rotates at 1,800 rpm about an axis which is
inclined to its optical axis by 5.5 degrees. Thus, dur-
ing one revolution of the antenna 2623 pulses are re-
ceived from the target. If fading is neglected, the
signal strength during a scanning cycle will depend
upon the bearing of the target with respect to the
axis of rotation of the reflector—the axis of scan,
For a target on the axis of scan the returned signal is
constant; for small error angles the variation in signal
strength over a scanning cycle is approximately
sinusoidal. The euvelope (Figure 10) is integrated
over quarter-cycles, and the total received energy in
diametrically opposite quadrants, when amplified,
operates to bias the rate gyros as shown in Section
1.6.




B R AT A N RN LR T S ST S it

LRI Sunth Jendh ou

RADAR-HOMING CONTROL—RHB CONTROL 2

Within the illuminated ficld there will generally be
several reflectors. For & homing attack to be success-
ful one target must be selected and the attack pushed
home on it. One method of eliminating all but the
desired signal would be to make the beam sensitivity
of the receptor extremely narrow. This would require
an antenna reflector too large to be carried in the mis-
sile and might result in complete loss of the target
when the motion of the missile is made erratic by
gusts. Pulsed radar provides a practicable method
for range tracking. :

Range discrimination is essential in any event in
radar-homing glide bombs because of the large
amount of energy returned from the ground or sea,
which is always the biggest target in the field. At
ranges of 5 miles or more, and with the smaller an-
tennas required for missiles, as much energy is re-
ceived from the ground or sea directly below the mis-
sile as from an average target; this altitude signal
must be rejected by the receiver. In glide bombs,
sinee the altitude is always less than the range to the
target, a range discriminator makes it possible to
eliminate the altitude signal. The target selector pro-
vides range discrimination by “gating” the desired
«ignal, i.e., allowing the differential amplifier to re-
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Frivng 11, Block diagram of range-tracking circuit.

eeive signals only at the exact time that echoes from
the desired target are reccived. It also, through a
memory cireuit, adjusts the time of operation of the
gate cireuit to the range of the target, i.e., to track
n range.

Svnehronization is aceomplished by starting the
tracking circuit (Figure 11) with the reception of the
main pulse from the transmitter. The receiver nor-
mally is at full sensitivity. Upon reception of the
main pulse via the rear-view antenna a negative
pulse is applied to the grids of the first and second
stages of the i-f amplifier; this biases the reeeiver

below the noise level and prevents the reception of
any signal until the first echo. This main gating pulse
is about 200 microseconds wide.

Within the main gate are two narrow gates, each
0.6-microsecond wide with a 0.2-mierosecond overlap
vielding a total gate of 1.0 microsecond. The double
gate istripped by asingle-eyclemultivibratorat a time
after the main pulse equal to the transit time from
the missile to the target and back. The time of trip-
ping is determined by the rate of discharge of a con-
denser in the memory circuit. Were the range to de-
erease at 4 constant rate, it would be necessary only
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Figure 12, Operation of double-tracking gate. (A)
phascable pulse tracking too slowly—excess of cnergy
in Gate No. 1; (B) phaseable pulse tracking too fast—
excess of cnergy in Gate No. 2; (C) phaseable pulse
correctly synchronized—equal energy in both gates.

to have the double gate traverse the wide gate at a
constant rate. The function of the double gate is to
adjust the tracking rate so that the target echo will
always be centered within it (Figure 12). If the rate
of tracking is too fast, the portion of the echo lying
in the second 0.6-microsecond gate will exceed that
in the first, and the vcltage against which the multi-
vibrator condenser discharges will rise, and vice versa.
With 3,000 me there are 2.1 adjustments of the mem-
ory cireuit in each 0.7-microsecond pulse. Time con-
stants of the memory circuit are such that, should
fading cause loss of synchrotization, the memory cir-
cuit will track at the correct velocity for several
seconds.

A second funetion of the narrow gate is to apply
an AGC voltage to the i-f amplifier. This voltage is
so adjusted that a strong signal is held to half the
saturation level of the onutput stages. The AGC must
not be so fast that the 30-¢ modulation will he ob-
seured with eonsequent loss of directional informa-
tion. AGC over a range of about 5.3 db is required
to accommadate the increase in received power due
to the operation of the inverse square law as the mis-
sile approaches the target.
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114 Maximum Range

RHB receivers (Figure 13) have a threshold sensi-
tivity of about 10712 watt; 10~'° watt gives a reasoin-
able margin for satisfactory range tracking. The rela-
tion between range and received power is given by

where »; is the range to the transmitter in feet;

re 1s the range to the recetver in feet;

P, is the transmitter output in watts;

P, is the echo signal strength in watts;

D, is the diameter of the transmitter antenna
reflector in feet;

D, is the diameter of the receiver antenna re-
flector in feet;

S. i8 the equivalent spherical cross-sectional
area of the target in square feet,

A is the wavelength in feet.

POWER ISUPPLY

JUNCTION 80X

At the dropping point r; and r; are identical. With
airborne search equipment the transmitter output is
approximately 30 kw, D, and D, are 2.5 ft and 1 ft
respectively. With 3,000-me radar--\ about 14 ft—
a safe maximum range for RHB against a Liberty
ship is about 27 miles.

1.9.5 Tests with RHB

The basic development of RHB was earried out by
MIT Radiation Laboratory under Division 14, Lab-
oratory prototypes were procured by them for initial
tests in powered aireraft and in glide bombs (Peli-
can). When procurcment by the Navy DBureau of
Ordnance was instituted, the project was turned over
in its entirety to Division 5. A few of the personuel
associated with the project formed the nucleus of a
new MIT radar group operating at the National
Bureau of Standards under Contract OEMsr-240.
Too much credit ean hardly be proffered to Division

RECEIVER

REAR ANTYENNA

Ficure 13. Receiver and power supply for RHB Pelican.
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RADAR-HOMING CONTROL—SRB CONTROL 23

14's group for boldly undertaking a difficult venture
and completing the basic research in approximately
19 months.

Early tests on RHB were in an AT-11 airplane
with & human servo link. The target arcs was il-
luminated by a lurge truck-borne radar search equip-
ment stationed on a hill overlooking a portion of
Boston Harbor. The output of the RIHB equipment
lighted four signal lights by which the pilot flew the
airplane at selected ship targets. To passengers the
aceuracy seemed great; vold analysis of the motion
picture records indicated that the airplane was not on
true course for a high percentage of the time.

Neither the Division nor the Navy realized the
extent of the work remaining to be done. The entire
probiem of adjusting the response rates of the air-
frame, the automatice pilot. and the radar equipment.
remained to be solved.

When laboratory model-shop prototypes became
available, an experimental range was established by
the National Bureau of Standards and the Navy
Bureau of Ordnance. lere testing continued against
beacon radiators and reflectors suspended from bar-
rage balloons. Faulty construction of the model-shop
equipment masked the results of the tests. Instru-
mentation (sce Chapter 8), though well conceived,
was not always adequate to establish conclusively
which linkx of the servo loop failed.

It was not until a complete radar laboratory was
established and staffed with some twelve seientists
and engineers, supported by technicians made avail-
able from the Navy, that a measure of consistent
suecess was obtained. Defeets in the radar equip-
ment which seemed trivial in the laboratory were
wholly frustrating in the ficld. A third gyro sensitive
to rate of yaw had to be provided to damp out oscil-
lations. Everyone associated with the project had to
learn that the automatie control of a glide bomb is
a more difficult task than the combined operations
of interpreting a radar scope and fiving an airplane,

Ultimately, consistent scores of 50 per cent hits
from 11 miles were attained against a 10,000-ton
ship.

176 Self-Synchronous RHB

The original R B used the signal received directly
from the transmitter as the synchronizing impulse,
In all RHRB's, precautions must be taken to insure
that sufficient energy is received. When the target is
illuminated from an aireraft, the missile may not re-

main within the beam bhecause of evasive action of
the aireraft or because of the difference in the speeds
of the missile and aircraft. Hence the transmitter
must be equipped with an additional nondirectional
{or at least a very-broad-heam) antenna to ensure
the radiation of some energy in the direction of the
missile. Likewise the directional characteristics of the
receiver antenna are such that little energy is re-
eeived from the rear, which is the direction of the
transmitter. It is necessary, therefore, to provide a
rear-view antenna on the missile to ensure that suf-
ficient energy is received directly from the trans-
mitter to synchronize the range selection gate.

The second svstem derives its synchronization
from the reflected signal; hence the equipment is
termed self-synchronous. Actually a very stable low-
frequency oscillator is built into the receiver and an
identical oscillator is used to control the pulse rate
of the transmitter. The frequency of the receiver
oscillator is automatically adjusted to that of the re-
ceived pulse rate. The self-synchronous RHB was
developed primarily because it offered a means of
securing homing intelligence all the way into the
point of impact with the target. Both the Pelican and
the Bat (see below) experience difficulties at close
ranges because of the coincidence of the initial pulse
with the returning echo. Pelican requires the recep-
tion of the direct transmitted puise for synchroniza-
tion, and Bat cannot make use of the echo when its
transmitter is operating. The self-synchronous RHB,
however, derives its synchronization from the echo
only, and it can exclude the initial pulse, which is
transmitted from many miles behind the receiver. A
few experimental models of radar-homing equipment
with this method of synehronization have been built
and tested.

18 RADAR-HOMING CONTROL—
SRB CONTROL®

The receiving system used in RHB was used sub-
stantially unchanged in the send-receive bomb [SRB]
(Figure 14). The basic change wus that the missile
Bat carried the transmitter as well as the receiver
(Figure 15), The whole equipment was developed by
the Bell Telephone Laboratoriesunder direct contraet
with the Navy Bureau of Ordnance. The Division
rendered consulting service through its radar group
established for the engineering development of RHB.

Buccessfui operation was required at ranges of 7
miles with continuing tracking in to 100 yd, The
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24 GLIDE BOMBS

Ficure 14. SRB—RBat attack.

tourth-power law that such a system follows requires
an AGC system with a range of 120 db against large
cargo vessels; this requirement was met only with
difficulty.

AGC was applied from the second and following
stages of the i-f amplifier, the first stage being omitted

TRANSMITTER RECEIVER

INVERTER

to avoid pickup of noise on the AGC leads to the
grid. The high loads on the first stage at close ranges
gave rise to shock-excited spurious signals which per-
sisted as “ringing,” distorting the true signal in the
tracking gate. The frequency of the transmitter
drifted with altitude changes, and the directional

POWER | SUPPLY

Ficure 15, SRB—Bat radar equipment.
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response of the equipment was distorted because of
change in loading impedance as the reflector rotated.

The ghost signals arising in the i-f amplifier were
climinated by an engineering compromise in the
of the circuit so that the ringing would be more
damped, still leaving sufficient band-pass to avoid
distortion of the 0.7-microsecond pulse. The master
oscillator was pressurized to prevent frequency drift
with altitude changes, and equipment within the mis-
sile was rearranged to eliminate the squint caused by
change in output impedance during scanning cyele.

As in the ease with RHB, defects in the cquipment
which seemed of little importance in the laboratory
loomed large in the field. It was only by the complete
cooperation of the Navy, its contractors, the Bureau
of Standards, and the contractor of the Division that
the project reached successful combat use.

18 SERVO LINKS®

The use of full-span elevons results in larger hinge
moments than would ensue from the use of airplane-
like control surfaces, elevators, and a rudder. The
requirement of constant angle of attack, which re-
quired this design, was, however, deemed to be in-
flexible; indeed, all experience of the Division indi-
eates that its importance cannot be overestimated,
A severe requirement was therefore placed on the de-
signers of the =ervo link: to produce a mechanical
power amplifier of very high gain with a minimum
of phase lag.

The initial attempt used a continuously running
electric motor. Four jaw clutches imparted to the
two elevons motion to increase or to decrease the lift
of each, independently of any motion which might be
taking place on the part of its mate. Thus, if the fol-
lowing table shows the aetion of the four elutches:

Increase Lift  Decrease Lift
Left Elevon Cluteh No.1  Cluteh No. 2
Right Elevon  Clutch No. 3 Clutch No. 4

an increase in rate of turn to the right would be exe-
cuted by energizing No. 1 and No, 4, a decrease in
glide-path angle by energizing No. 1 and No. 3, and
so on. Flight tests showed that such a system imposed
on the radio-controlling bombardier a task not likely
to be suecessfully accomplished. Indeed, two flight
tests resulted in such prompt fallure that the decision
was made immediately to interpose automatie flight-
control equipment between the teledynamic signals
and the zervo link. (Nee sNeetion 1.6.)

The next design was successful. Here the continu-
ously running motor with the four jaw cluiches is re-
tained, but the connection to the elevons is through
a linkage so ingenious as to merit particular explana-
tion. The four clutches now perform missile functions
rather than elevon funections. In Figure 16 the four
small pinions, R, L, U, and D, are driven through
the clutches; R and L initiate the turning forces, and
[" and D the pitching forees. The whole linkage is
supported by two heavy fixed members A. Suppose a
“down” signal to be called for in the absence of any
turning signal. The appropriate cluteh will engage,
bringing pinion D up to speed; this will drive the
pitch sector say in a counterclockywise direction, and
with it the pitch-input link. In the absence of any
turning sighal, the turn sector is stationary and holds
rigid all the horizontally hatched system, including
Hpg through £ and F. Thus Hy, B, C, and the piteh-
input link opérate as a four-bar linkage, and the
right-elevon output arm translates circularly, the
stud moving counterclockwise about 0, A con-
necting-rod from the stud raises the right elevon.
The rotation of the pitch-input link is transmitted
through D to the internal jackshaft, which in turn
gives through B’ and C’ a counterclockwise rotation
to the left-elevon output arm about O;'. Now if the
radii about (), and 0y are equal and large compared
with the ares of travel, the motion of the elevons will
be nearly identical,

An exactly similar procedure covers turn, Suppose
a “right” signal is called for, resulting in a clockwise
rotation of the turn sector. Then the turn-input link,
through C’ and B’, gives a clockwise rotation to the
external jackshaft, which in turn, through D, E, the
bell crank Hpg, B, and C, rotates the right-elevon
output arm clockwise about O;. Similarly, the stud
on the left-elevon output arm will revolve about a
suppressed axis 0. Again, if the radii about O3 and
0, are equal and large compared with the ares of
travel, the motion of the elevons will be very closely
svmmetrical.

Within the limits of linearity indicated above,
these motions are subject to geometric superposition.
In any event, departure from striet kinematte rigor
is probably unimportant. Any rate of roll introduced
by slight inequality of elevon action resulting from
a piteh signal would be corrected by the automatic
pilot. (See Section 1,6.)

This scheme for a servo link was considered a tem-
porary expedient to provide a means of flight-testing
the glide bombs without delay. Tt was recognized
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26 GLIDE BOMBS

that the linkage was elaborate and not readily were replaced by jackserews, and the jaw clutches
adapted to quantity production. Nevertheless, after were replaced by positive-acting clutch gears similar
a most exhaustive exploration of other forms of links to those used for controlling and quickly reversing
involving hydraulic and pneumatic media of trans- the longitudinal feed on an engine lathe. These

mission, the linkage just described remained the changes together with a general rearrangement of ‘(:':.
basic method. The other designs were tested on the elements, produced a design which had somewhat -::.‘::-:
roll hunt table (see Section 1.5) and showed greater better performance and was adapted to mass produe- :'..::\::-.
time lags resulting in more hunting, were deficient in  tion. :\‘.::.:;
output, or were too heavy for airborne equipment of In another contract (see Chapter 7) the entire e
this type. servo svstem was reviewed, and the automatic pilot

In the production version the sector-driven shafts  was combined with the amplifyving servo link.

I

LEGEND

VERTICAL « PITTH LINKAGE
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OUTPUTEARM"‘- 22

HORIZONTAL " TURN LINKAGE
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Fistre 16.  Schematie drawing of elevon drive linkage.
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Chapter 2
AZON AND RAZON

21 INTRODUCTION

Tm; GLIDE BOMBS discussed in the preceding chap-
ter have a lift-drag ratio of about seven. The long
range implieit in this ratio, approximately 13 miles
from an altitude of 10,000 feet, yields relative invul-
nerability to antiaireraft opposition and is achieved
by the use of lurge control and supporting surfaces.
Thus increased range is obtained at the expense of
ease of carriage. Aircraft carrying glide bombs are
limited in their load to two or, at most, three missiles.
The aircraft requires modifications to permit the car-
riage of the missiles; carrving them externally im-
pairs in a measure the performance of the aircraft and
clearly marks the airplane for a special attack by
enemy pursuit ships. For this reason NDRC under-
took the devclopment. of a guided missile which could
be earried within stands~d bombardment aireraft, be
hung on standard bomb racks, be produced by modi-
fying standard bombs, if possible, and which would
require for its control the minimum of specialized
equipment in the carrving plane.

1.2 GENERAL

In order to achieve this objeetive it was early real-
ized that the bomb must provide the major portion of
the lift and that steering forces must be provided by
the bumb casing itself through vawing and/or pitch-
ing it in the wind stream. A well-established agree-
ment between the Army Ordnance and the Army Air
Forees had decreed that bombs carried within air-
craft should have no protuberances which extend
beyond the smallest square prism which circumscribes
the hody of the bomb. The designers of aircraft for
the AAF, on the one hand, designed all bomb racks
s0 that bombs fulfilling this requirement could be
carried safelv; Ordnance, on the other hand, under-
took to see that all bombs were built to this specifica-
tion.

Within these bounds each group of designers had
flexibility, but the limits were held rigid. The Divi-
sion accepted these limitations and only after ex-
haustive study within them attempted to secure a
relaxation at the expense of reducing the bomb load.

The implications in this restriction are powerful.

Any wings or supporting surfaces may have a span
not exceeding the diameter of the bomb casing by a
factor greater than the square root of two. In order to
have an appreciable area their chord must be great—
several times their span—so that their aspect ratic is
much smaller than normal. The provision of a long
lift surface forward of the center of gravity impairs
the weathercock stability. It was finally found that
the gain in lift due to such “wings” was so small in
comparison with their cost in stability at trim that
they were abandoned, the bomb body itself develop-
ing the major portion of the lift.

This simplification did not, however, produce a
solution which was obviously of great promise. A
bomb casing in itself is not an aerodynamie structure
of highly desirable profile. It is a form that would be
no morethan tolerable to the designer of a dirigible air-
ship, and such aireraft do not contemplate speeds of
550 mph—approximately the impact velocity of a
dirigible high-angle bomb from 15,000 ft.

The basic art applicable to the problem was mea-
ger. Dryden! had made studies at the National Bureau
of Standards on the fundamental aerodynamic prop-
erties of standard bombs. Beyond this work, how-
ever, neither the Division nor its contractors found
much evidence of quantitative work which would
indicale a probability of making standard hombs diri-
gible. There had been considerable speculation, buf
the most informed opinion from aerodynamic advi-
sers was definitely negative. The question of ade-
quacy of lift from such a wing as a bomb casing has
already been mentioned. The problem of exercising
adequate control during the thirty-odd seconds of
flight seemed difficult. The problem of determining
what control to apply, granting the physical possibil-
ity of applying it, seemed insurmountable.

It may well be questioned why the Division under-
took the project in the face of such negative advice.
The desirability of converting near misses into hits—
of compressing to within the dimensions of the actual
target the relatively large number of craters that
cluster about the center of impact with normal dis-
tribution—seemed of great importance to the Division
chief. However, had he had acecess to data on actual
bombing errors and known that it was necessary to
get the amount of control that finally proved feasi-
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28 AZON AND RAZON

ble, it is doubtful if he would have recommended
carrying the project through.

In general there were two approaches to the prob-
lem of controlling the bomb. In the first method the
bomb was made to home on the target. This was
planned with television and manual steering through
a radio link or with an automatic homing device. The
automatic homing devices which were considered uti-
lized (1) light actuating a photosensitive system, (2)
heat actuating a thermosensitive system, and (3) ra-
dar homing, actuated by microwave reflections from
the target. [ was realized that a homing system must
operate with its axis of sean parallel to the tangent to
the flight path. Consequently, the use of pivoted

Fisrre 1, Produetion models of Azon and Razon.

vanes to align the television camera or the automatic
homing receptor was contemplated.

The second method contemplated a direct-sight
method of control. In this method the bomb was to
be controlled along a trajectory such that it continu-
ously eclipsed the target from the point of view of the
controlling bombardier.

The first approachinvolvesmuch morecomplicated
control equipment. The second implies, as will be
seen in Section 2.3, a much wider departure from the
conventional parabolic trajectory. Eachmethod found
embodiment in a weapon standardized for combat.
Felix, the automatic heat-seeking high-angle bomb,
is discussed in Chapter 3. Azon, a high-angle borab

visually guided in azimuth only, reached combat in
the Mediterranean, European, and Burma Theaters
of operation. Razon, its two-coordinate counterpart,
wasin production for use in the Asiatic Theater as the
war closed. Production models of .\zon and Razon
are shown in Figure 1.

13 TRAJECTORIES

Controlled high-angle bombs have two types of
trajectory. For the homing type, the path is closely
rectilinear when the target is motionless in the air
mass; when there is target motion with relation to the
air mass, the path becomes a pursuit curve. This type
of trajectory is treated in Chapter 3.

For visually guided bombs, the trajectory should
be analyzed from two points of view. In the azimuth
component, the trajectory Jdoes not usually require
much curvature to effect the necessary corrections,
and the problem of parallax, especially if the target
is long in the direction of the bomb run, is not aente.
It is the problem of parallax in the range sense which
recommends the eclipse technique. 1f the controlling
bombardier could estimate continuously the distance
from the bomb to the ground and its first few time
derivatives, he could doubtless be trained to steer a
Razon in both coordinates as readily as an Azon in
one. If, however, he keeps the bomb and target con-
tinuously collinear with his own point of view, he is
assured of a hit even if he has no idea of the time of
impact. Eventually, the bomb will reach the ground;
if it is continuously in the bombardier's line of
sight to the target, it will be on the target at impact.

If this principle is adhered to throughout the flight
of the bomb, the release will take place exactly at the
target’s zenith since in the first instant the bomb is
directly beneath the airplane. With a drop from
20,000 ft and a speed of 150 mph, if collinearity is to
be delayed for approximately 10 seconds, the drop
should occur 2,000 ft before the target is directly be-
neath the airplane. If collinearity is to be delayed for
approximately 24 seconds, the drop should oceur
1,000 ft before the target is reached. In the case of the
drop with the 10-second collinearity, some 30 seconds
of control time would remain ; for 24-second collinear-
ity, about 16 seconds would be available for steering.
A normal drop for an uncontrolled bomb would take
place about 7,000 ft in advance of the target.

Thus, in the eclipse method of range control all the
forward velocity of the bomb must be killed, and
during a goodly portion of its flight the bomb actu-
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ROLL STABILIZATION 29

ally regresses in the range sense. Figure 2 shows the
three trajectories discussed in the preceding para-
graph as projected on the vertical plane containing
the path of the aircraft. It also shows the trajectory
of a perfectly aimed, unguided homb (Curve A).

The increase in curvature of the controlled trajec-
tories, as compared with that of a standard bomb, is
a measure of the amount of control force which has to
be applied. This technique, therefore, requires con-
siderable maneuverability of the missile—not an
ideal application for an airframe constrained to fit
within the smallest square prism circumscribing the
body of the bomb. Furthermore, it is undesirable to
have the release point for guided hombs materially
different from that of standard bombs because the
miss, if eontrol is lost, would be gross.

Several methods have heen suggested for combat-
ing the problem of excessive curvature in the trajec-
tory resulting from the eclipse technique. One of
them (used by the Germans in Hs 293, a visually
guided glide bomb) is to have a rocket propel the
missile out in front of the aircraft so that collinearity
can be established early without excessive trajectory
warping. A second, tried by the Division’s contrac-
tors,? involved decelerating the airplane so that it
would drop behind the missile. This was accomplished
by putting the bomber into a climb with minimum
throttle. In order to get a retardation promising sue-
cess, it was necessary nearly to stall the ship out.
This method was used by the Germans in guiding
FX-1500, a visually guided high-angle bomb. Soon
after their success in sinking the Roma, the use of
FX-1500 was abandoned when all the aircraft equip-
ped to carry and control it wo ¢ destroyed in a mass
hombardment. Little data on the efficacy of this
technique is, therefore, available.

The Crab: modification to the standard Norden
hombsight provided a good solution. The problem
was placed before the Fire-Control Division of NDRC
by the Director of OSRD. The solution is discussed
more fully in Section 2.6 and &t length in the Sum-
mary Technical Reports of Division 7, NDRC. The
assumption was made that the time of flight of a
Razon could be estimated. Then a partially silvered
mirror was inserted in the optical train of the bomb-
sight. The image of the falling bomb is projected into
the field of view so that it appears superposed on the

tory is minimized. The residual range error after per-
fect steering is equal to the error in estimating the
time of fall multiplied by the forward velocity of the
bomb at impact.

14 ROLL STABILIZATION

At the outset of the project two modes of control
were proposed, each of which implied its own peculiar
type of roll stabilization. One system, which has been
uniformly attractive to newcomers in the field, in-
volves a system of cylindrical eoordinates. The axis
of the system is tangent to the trajectory. In this
system no attempt is made to prevent roll, only to
restrict its rate to a reasonably low value, say 0.5
revolution per second. Only one set of control sur-
faces is provided for steering. Ailerons for restricting
and controlling the rate of roll are also provided,
usually in a plane normal to that of the steering sur-
faces. The method is to roll the bomb so that a plane
normal to the plane of the steering surfaces contains
the target, the bomb, and the aircraft. The bomb is
then given an angle of attack to produce a resultant
of lift and gravity and, consequently, an acceleration
in the direetion in which correction of the trajectory
is desired.

Viewed from a fixed frame of reference in the bomb
structure, lift can be produced only in a single plane,
normal to the axis of roll and to the steering surfaces.
If a turn to the right is required, the bomb is rolled
until the steering surfaces are vertical and then the
bomb is yawed. If a dive is called for, the bomb is
rolled until the steering surfaces take the position of
conventional clevators and then the bomb is pitched.

In the second system the location of the three prin-
cipal axes of motion remains unchanged, but the
bomb is elosely coupled to them. Two steering sur-
faces are provided: the rudder operates in the plane
of the roll and yaw axes, the elevator in the plane of
the roll and pitch axes. This system, therefore, oper-
ates in simple Cartesian space.

The evlindrical-coordinate control has the advan-
tage of not requiring absolute roll stability. Only a
rate gvro is required which can be made sufficiently
sensitive to hold the roll velocity to any desired value.
At the outset of the guided-missile program free

gytos, which are absolutely essential if the Cartesian S
terrain at the point it would land if no further control  system of control is to be employed, were difficult to e

procure. Further, 1 wind-driven or unpowered free
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'; were added. If the drop is perfect, the bombardier
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sees the bomb exactly on the target and makes no  gyro with two frames is sure to tumble if the bomb ‘E,':; A
correction. Thus the departure from a normal trajec-  is pitched through 96 degrees and then yawed through ; { g
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90 degrees. P: -haps this property of the free gyro
could be circumvented by providing more than two
gimbal frames but even if it were, all sense of right-
side-upness would be lost after such a maneuver as
the one just described. After a 90-degree dive the
“top”” of the bomb would point forward. A succeed-
ing turn to the right would place the rudders hori-
zontal with the “top” of the bomb on its left.

The summation of these advantages led the inves-
tigators strongly toward the cylindrical-coordinate
system of control. Not only MIT and Gulf Research
and Development favored it for the high-angle bomb,
but, Douglas strongly favored it for Roc (see Chapter
4), and Polaroid for Dove Eye (see Chapter 3). It
was also strongly urged for the Jeffries® bomb under
development by, the British. It has been treated at
Jength in this report as an example of exploration
which the Division found unprofitable. The Division's
expericnce all points to the conclusion that il is much
betler to plan trajectories which will not involve succes-
sive lurns approaching 90 degrees about the azes of paw
and pilch than lo try to provide a stabilization system
which will tolerate them.

341 Origin and Nature of Roll Torques

Roll torques occur in all bombs. They are deliber-
ately provided in some German bombs by designing
in a screw asymmetry to arm the fuze and in the
British Tallboy (a 12,000-1b, deep-penetration bomb)
to improve stability about the yaw and pitch axes.
In bombs manufactured in the U, 8., it is never pur-
pusely provided, but the difficulty of holding manu-
facturing tolerances within limits which will elimi-
nate casual screw asvmmetries is 8o great that in
general all standard hombs in flight have a random
roll veloeity.,

Inidueed Roll Torques. Induced roll torques arise in
dirigible hombs from the application of control about
the axex of yaw and piteh, Such induced roll torques
oceur with conventional control structures when vaw
and pitch are applied simultangously. They appear to
arise from three sources:

Consider a bomb which has been pitched. Such a
bomb has an angle of attack at the elevators. If it
now be yawed, one clevator will lose lift because of
the reduced speed of the elevator on the inside of the
turn, This torque is probably small and should be
transient in nature, occurring only during the period
while the bomb is approaching its trim attitude. All
rotabion therealterisat an axis so remote, certainly not

less than 2 miles, that any differential veloeity in the
lift surfaces is wholly negligible. This property can be
disclosed only by transient studies in the wind tunnel.
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A flat plate in 2 wind stream tends to orient itself
so that it is perpendicular to the direction of flow. 8o
long as the plate is parallel to the wind stream, it is
in a state of unstable equilibrium and but little force
is required to hold it there. If a bomb is pitched with-
out yaw the plane of the rudders is parallel to the
wind stream and only slight aileron power is required
to maintain the roll orientation. If a pitehed bomb
then be yawed, there is a torque as both the rudder
and elevator attempt to attain a position normal to
the wind stream. This torque disappears when a roll
attitude is reached which places the structure 45
degrees away from the desired orientation.
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NG YAW DR
PITCH

PAGE I

IN PLANE OF

PITCH WITHOUT
YAW

TIRECTION OF WIND STREAM

|

PITCH AND
YAW

Fiourg 4. Drawings of eruciform bomb in attitudes of
no yaw or pitch, pitch, pitch and yaw.

Figure 3 shows the variation of roll torque with roll
attitude as measured by MIT in the wind tunnel. In
these curves the unit of roll torque is the maximum
restoring torque that could be developed by the aile-
rons planned. The slope of the curve at zero roll, as
well as the value of roll torque at that orientation, is
of crucial importance, a negative siope indicating sta-
bility and a positive slope instability. Thus Curve A
(pitch only) and Curve B (yaw only) show roll stabil-
ity; Curve C (simultaneous roll and pitch), however,
shows marked instability.

The third source of induced roll torque arises from
shadowing of the control surfaces by the body of the
bomb. Figure A shows s bomb without yaw or pitch.
The rudders a, @’ and the elevators b, b’ are parallel
to the wind stream which is in the plane of the draw-
ing. They therefore produce no torque. In Figure 4B
the bomb has been pitched so that the lower rudder
@’ is shaded by the bomb casing. Since the rudders
are parallel to the wind stream, no roll torque is
developed in spite of the asymmetrical exposure of
the rudders te the wind. In Figure 4C both yaw and
pitch are applied. Now in addition to the lower rud-
der ¢’ the remcte elevator b’ is shaded by the bomb
body. Further, both the rudder and elevator planes
are inclined to the wind stream so that the asym-
metrical exposure of each results in a roll torque.

The torques developed by shading are ia opposi-

SECRET

tion. The excess exposure to the wind of the upper
rudder produces a counterclockwise moment; that
from the exposure of the elevator in the foreground
produces a counterclockwise moment. Figure 5 is a
contour map of the roll torques produced by simul-
taneous yaw and pitch. As might be expected from
the preceding two paragraphs, two pairs of orthog-
onal axes define the attitudes producing zero roll
torque. Displacement in pitch or yaw alone results in
stable equilibrium. Equal displacement in yaw or
pitch results in zero roll torque, but the equilibrium
is unstable.

While the torques measured in the wind tunnel
show requirements three times in excess of those
planned, this is not the whole story. Flight tests
showed that torques at least three times greater than
those measured could be developed, because of auto-
gy.ation once a roll velocity is established.

342

Reduction of Roll Torques

The discussion in Section 2.4.1 as to the origin and
nature of roll torques points clearly to the method of
their minimization. It is to produce a structure which
18 symmetrical about any plane passing through the
axis of roll. A dirigible high-angle bomb having such
a configuration was designed by MIT* and is shown
in Figure 6. Lift is obtained by the forward shroud
which is placed so that its center of lift is substanti-
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ally at the center of gravity of the missile. Stability
about the yaw and pitch axes derives from the outer
of the two empennage shrouds. The inner empennage
shroud, capable of heing rotated ahout axes parallel
to those of vaw and piteh, serves as a rudder and
clevator.

This design was fully tested in the wind tunnel at
MIT and was found to develop no roll torques at
any combination of piteh and yaw attitudes. It was
flight-tested at Eglin Field in February 1943° and
developed no tendeneyv to roll in spite of being vio-
lently pitched and vawed during its flight. In addi-
tion to exceeding the permissible compass for stand-
ard stowage by a verv wide margin, however, it had
intolerably large values of hinge moment, with the
corresponding implication of excessive power re-
(uirement.

STABILIZEN
LINDER

Iicene 6. MIUT evlindrieal-in bomb,

A design to establish a working compromise be-
tween minimum roll torque and tolerable hinge mo-
ments was worked out by Guli' (Figure 7) which
became the prototype for the Felix (high-angle heat-
secking bomb). (See Chapter 3.) This bomb proved
completely stable in roll and had adequate maneuver-
ahility* Power from small hatteryv-powered motors
wias adeguate to operate the eontrol surfaces,

A second method of minimizing roll torque lies, of
course, in the limitation of the control of the bomb to
motion about only one of the axes of yaw and piteh.
IF'rom the point of view of roll alone it is immaterial
which axis is selected. For the purposes of developing
a useful weapon, problems of sighting necessitate the
scleetion of azimuth or vaw as the single component
of vontrol,

The problem of roll stability, then, confronted the
Division with the choice between one-axis control
and exceeding the limits which had been set on the
overall size of the missile. Both solutions were ac-

cepted. As the Azon development was pushed to
completion, studies were made to determine how
seriously extensions of portions of the control strue-
ture beyond the smallest square prism circumscribing
the body of the bomb would vitiate the military use-
fulness of Razon and Felix. The compass of Azon was
held within the limits originally established. In April
1943, at the completion of the studies just deseribed,

DOTASONAL
STAMUZER

Frevne 7. Culf octagonal-fin bomb.

the maintenance of such limits for bombs with two-
axis control appeared to the contractor to be hope-
less,* and further efforts in that direction were not
made. This opinion was not unanimously shared by
the Division. The cam-controlled drop reproduced in
Figure 13 (see Section 2.9) was successfully roll-
stabilized with 10-degree deflection of the elevators
and a simultaneous regime of rudder deflection rang-
ing from 5 degrees right to 10 degrees left. Further
studies in this field might well be rewarding.

248 Gyro Developments

The decision to abandon a cylindrical-coordinate
control in favor of a Cartesian coordinate system
(see Section 2.4) implies, as already shown, the re-
quirement of a free gvro to control the ailerons. Such
a gyro slone, however, can produce nonoscillatory
rol! stabilization only with difficulty. MIT therefore
developed a system involving a free gyro to deter-
mine the roll orientation and u rate gyro to damp the
roll oseillations,

Consider a free gvro with contacts on the outer
gimbal frame to close two pairs of contacts with a
dead hand of +¢s between them. Thus one contact
was closed if ¢ > 4 ¢o; if ¢ < —¢y, the other con-
tact is energized. Similarly, the rate gyro has two
contacts separsted by a dead band of . If

s 8ee Chapter 13 for furthei comments by the contractor's
project divector.
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34 AZON AND RAZON

¢ > + o une set of contacts closes; if & < — ¢y,
the second set of contacts ecloses. The contacts on
the free and rate gyvros are interconnected through
relays to give aileron action in accordance with the
following schedule:

o< —dp, ¢ < — CW?"  aileron action
¢ < —dn, — o < b < u CW  aileron action
< —¢o, &> o No  aileron action
—d0.< ¢ < o, § < —¢h CW  aileron action
—o < & < ¢y, —do < ¢ < ¢y No gileron aection
—po < b < o, ¢ > CCW aileron action
o> o &< — o No  aileron action

CCW aileron action
CCW aileron action

o > ¢, _¢(|<¢<¢(l
¢ > do, &> ¢

As the program advanced, this basie conception of
a free and a rate gyro was maintained. although the

b CW (Clockwise), CCW (Counterclockwise).

Ficurg 8.

Action of free gyro during Azon drop.

SECRET

contact arrangements were altered to give different
schedules of aileron action. The initial gyros were
air driven. The wheels were enclosed in a sealed cover
which was connected with the vacuum line in the
airplane. Jets to drive the wheels drew air from the
surroundings through vents in the covers.

Figure 8 shows the motion of the free gyro in ref-
erence to the bomb structure as an Azon is released
and falls. The Azon is carried in standard bomb
racks with the rudder and elevator fins inclined to
the vertical by an angle of 45 degrecs. The position
of the bomb and of the free-gyro frames for this con-
dition is shown in Figure 8A. As the bomb falls it
must be rolled so that elevator and rudder become
parallel to the desired orientation of the pitch and
yaw axes. Simultaneously, the bomb noses down as
it proceeds along its parabolic trajectory. This
change, together with the changing orientation of the
gyro,is shown in Figures 8B, 8C, and 8D. Figures 8E
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and 8¥ show relationship of the gyro gimbal as the
bomb is vawed to the right and to the left.

In its final form, the gvro assembly was electrically
driven from the 24-v battery in the bomb tail. The
dead band was removed from the free-gyro contacts,
which were made movable and coupled to the rate
gyro so that the position of the free-gyro contacts,
which control the ailerons, is biased by the rate of
roll. Under this arrangement there is no neutral; that
is, the ailerons are always operating to produce
either a CW or a CCW roll torque. The schedule now
becomes much more simiply stated:

(¢ + kd) < 0 CW aileron action
(¢ + k) > 0 CCW aileron action

The factor k must have the dimensions of time and is
set at 0.5 second. In addition an overriding rate-of-
roll contact is provided which limits the roll velocity
to + ¢uu Which was arbitrarily set at +36 degrees
per second.

The roll motion of the bomb can now be defined.
If the displacement from correct roll orientation is
in excess of 18 degrees, the bomb will return to
¢ = 418 degrees at an angular velocity of —36
degress per second. From this position it will con-
tinue along the regime

¢ = 187

The foregoing idealizes the action of the ailerons
hy assuming absence of time lag in their operation
as (¢ + 0.5 ¢) changes sign. This time lag is present
largely on aceount of the time constant of the sole-
noids which operate the ailerons. It introduces a roll
hunt, of appronimately 234 ¢. The amplitude of the
hunt. is proportional to the square of velocity and
reaches approximately 3 degrees at the end of a
15,000-ft drop.

# LIFT AND MANEUVERABILITY

It was explained in Section 2.3 that the attainable
trajectory of g dirigible bomb is determined by the
transverse lift which it can be made to achieve. In-
deed, in the steady state the performance of such a
missile is completely determined hy two dimension-
less coeflicients: the lift coeflicient €, and the drag
coefficient Cp. These are the well-known coefficients
of the aerodynamicist and are defined by:

e, Lift Drag

BETIEA and  Cp = TPl (1)

where p is the air density, ¥ the velocity of the mis-
sile in the air mass, and A is an area function. In this
chapter A is the cross-sectional area of the bomb
bodv—a confusing choice to the aircraft designer,
who usually uses this symbol to denote wing area,
but convenient here in that it makes the various
values of C and Cp directly comparable, irrespective
of the areas of the control and lift surfaces which the
course of the research brought under examination.

The drag coefficient is not of great significance in
the visually guided bomb. It limits the terminal ve-
locity and increases the trail angle,” thus inflvencing
the sighting problem in the range sense.

The total lift attainable divided by the mass of
the bomb gives the maximum attainable transverse
acceleration. It is more usual to divide by the weight,
however, and express the acceleration in ‘“times
gravity' (¢'s),

’ 2
Acceleration = ﬁL—{;,V A

in ¢g's 2)

where € is the maximum attainable value of Cy.
This is a convenient measure of the maneuverability
of a missile, bu. it is tied up with the air density and
the velocity. A still more useful measure is the mini-
mum turning radius. A radius of curvature, R, re-
quires a centripetal acceleration.
72
Centripetal acceleration = el 3)

Setting equation (2) equal to equation (3) and solv-
ing for R:
1§

" oy @
The acceleration due to gravity g is inserted to pre-
serve the dimensional integrity, This parameter is
«till o funetion of p and it is usually given as a sea-
level value,

The most useful parameter which could be estab-
lished to define the performanee of a visually guided
bomb of the Azon or Razon type would be the cor-
rigible error. This is a “judgment” figure however,
involving an estimate of the skill of the bombardier
in recognizing the sense of his error and making the
appropriate correction. A convention could be estab-
lished defining the “correction coefficient”’ of a guided

¢ Trail angle is the angle between the line of sight from the
aireraft to the bomb and a vertical through the aircraft. This
definition assumes constant rectilinear flight by the aireraft
after release and neglect= changes in air density.
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38 AZON AND RAZON

bomb as the deflection of the point of impact due to
full control in the last n seconds in a drop from h
feet. The computation of such a coefficient is, how-
ever, transcendentai and requires the use either of
step-by-step integration or some such aid as the
Rockefeller differential analyzer. The MIT group
working on this project and the associated group
working on Felix used point-by-point computations
until the method was established. Thereafter, they
used the differential analyzer most effectively.

Figure 9 shows several of the models of dirigible
bombs that were tested as the program advanced
and the varioys parameters which define their
maneuverability.

36 SIGHTING AND PARALLAX:«

Section 2.3 explains the ruse by which the problem
of parallax in range steering is circumvented. Sev-
eral descriptions of the Crab attachment to the Mark
15 bombsight have been written. That of the Gulf
Research and Development Company’ is brief and
clear, It is quoted in its entirety:

In # standard uncontrolled bomb, the angle subtended by
the target and bomb with the airplane® closes to zero at impact
time at an almost linear rate. Thus, the fundamental require-
ment of the sighting device is that it provide a means by which
the angle subtended by the bomb and target can be compared
continuously with one which closes to zero at impact time at.
a constant rate,

In the Norden bombsight a mechanism exists which pro-
vides just such a motion in the tracking mirror which closes
the angle subtended by it at the release of the bomb and the
‘Trail Angle of the bomb at impact in exactly the time of fall
of the bomb as put into the bombzight through the Dise Speed
setting. The details of the mechanism by which this result is
obtained are too involved to describe here; a deseription can
be found in the technical literature deseribing the sight.

Two adaptations of the Norden bombsight were built for
utilizing thix mirror motion, one by the contractor involving a
double cross-hair method, and another by the Franklin Insti-
tute involving a double mirror arrangement similar to that
used in u ship’s sextant. In the contractor’s version, un auxil-
iary cross-hair at the evepiece reticle is moved across the field
by the regular sight mechanism in 4 manner such that at the
end of the assumed time of fall the moving and fixed crons-
hairs of the sight are coincident. Hence if, by steering, the
bomb is held on the moving fiducial, and, by precessing the

.Th'ee also Aiming Controls in Aerial Ordnance, G. A. Phil-
brick, Vol. 3, Part I, of the STR of Division 7, NDRC, and the
15th Bi-Monthly Report to NDRC of Division 5.

¢ More exactly the quantity (tan 6 4~ tun ¢) closes to zero
at a linear rate, where 6 is the angle subtended by a line to the
target with the vertical, and ¢ is the angle subtended by a line
to the homb with the vertical, also known as the trail angle.

vertical gyro, the fixed fiducial is held exactly on the target,
then the proper steering criterion is attained.

This arrangement suffers from limitations in the field of view
of the Norden telescope, which, even after permissible modifi-
cations, allows steering during only about the last 12 seconds
of flight. Furthermore, if the synchronization of the cross-hair
on the target is not perfect, then the bombardier has the addi-
tional worry of having to continually precess the gyro in order
to hold the fixed cross-hair on the target.

Both of these objections are eliminated in the adaptation
worked out by the Franklin Institute,f Philadelphia, Pennsyl-
vania, in which there are split lines of sight, one to the bomb
and one to the target. If the angle between the two lines of
sight is caused to converge at the proper rate, reaching zero
angle (i.e., coincidence) at the end of the assumed time of fall,
a perfect drop would show the bomb eclipsing the target
throughout its flight. In the case of an imperfect drop, any de-
viations of the bomb from a perfect. eclipse position ~an be eor-
rected by control applications. Analysis will show that, except
for errors in predicting the time of fall and errors in the mech-
anism reproducing this time, all normal sighting errors (e.g.,
improper range synchronization or leveling errors) can be
eliminated by steering.

The Franklin Institute adaptation was named the Crzb
sight (sometimes called Crab No. 1) and was used in all drop
tests. For the line of sight containing the target, the normal
moving mirror of the sight is used, and it simply continues to
track the target until the bomb hits. For the second line of
sight, a small mirror is mounted on the telescope objective so
a8 to reflect into view a line of sight slightly rearward of the
vertical. The second line of sight will reflect the bomb image
into the field, since in a normal drop the apparent position of
the bomb is always slightly rearward of a true vertical line ex-
tending from the airplane. The bombardier sees two fields of
view, one including the area around the target, the other in-
cluding the terrain directly below the airplane.

Before the Crab sight was tested in flight, there was some
concern about the possibility of the confusion which might
exist in trying to identify the target and the bomb in the two
overlapping fields of view. In practice, there is little difficulty.
A red filter in front of the bomb mirror is of some value, but
even more important is the fact that the scenery reflected into
view by the small fixed mirror (called the Crab mirror) is
always moving, although the flare itself is relatively motion-
less. Thus, it is necessary merely to concentrate one's attention
onto the relatively stationary flare image and scenery around
the target. The exact arrangement of parts can be seen in the
photographs shown in Figure 10.

For a technically more exact description of the Crab sight,
reference i3 made to Figure 11, In this figure, the varintion of
the angular position of the target with respect to the vertical,
6, and the Trail Angle, ¢, for the case of a perfectly dropped
standard bomb is shown. Since the airplane is assumed to fly
along an ungccelerated® path after release of the bomb, the
value of tan & must obviously decrease at a linear rate, The
variation of tan ¢ can be found in making a complete trajec-

‘Operutiﬁg under contract with Section 7.2, NDRC.

® In practice this is difficult to accomplish precisely because
of the sudden change in weight of the airplane which occeurs
when 1 homb is released,
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40 AZON AND RAZON

tory ecaleulation, which shows that, in general, for a bomb
dropped from 15,000 ft. altitude the Trail Angle will start out
at release with a value approximately two-thirds its final value,
toward which it gradually increases during the flight, This rate
of variation of the Trail Angle is shown in Figure 11.

In the lower curves shown in Figure 11, the position of the
turget and of the bomb in the field of the bombsight telescope
are plotted. Since for the case shown it is assumed that the
synchronization is perfect, the target appears squarely in the
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Ifusrre 11, Angular relationship in Crab-sight use.

center of the field throughout the flight. The position of the
flare varies, however, for two reasons: first, because of the
variation in Trail Angle, and, second, because of parallax which
results from the fact that the bombsight ix not mounted di-
rectly vver the homb bay but a considerable distance ahead of
it (24 ft. in a B-17), Thus, the bomb appesars to have a1 much
larger Trail Angle early in flight, as is indieated in Figure 11.
Near the end of flight this variation in position of the flare
image is negligible, =0 that for all practical purposes the homb-
sight will indicate no error for a perfect drop.

The residual errors, other than those of steering
in Razon, are thus due wholly to errors in estimat-
ing the time of fall. This time, in addition to being
a function of altitude of the release and of the target,
is also dependent upon the total amount of steering
to which the bomb is subjected during its fall, A

large number of drops were made to establish em-
pirically the relationship between time of fall and
steering (Figure 12), Tt was found® that steering in
the direction to decrease range, i.e., “down’’ elevator
introduces no inerease in time of fall. This is because
the warping of the trajectory more nearly into line
with gravity counteracts the increase in drag due to
rudder deflection. If, then, At is the increase in time
of flight due to steering, £(¢,) is the totalized time
of “up” elevator, and =(1,) is the totalized time of
rudder application:

At = aZ{l) + bEH) (&8

where a and b are the empirically determined con-
stants.

Jag (Just Another Gadget) is a device developed
to insert this correction into the bombsight. To a
reasonable approximation it is accoraplished by sub-
tracting from the tracking mirror’s angular velocity
an incremental velocity proportional to At. The prob-
able error of Razon in range without Jaghisestimated
at 10 mils. Jag will reduce this by about two-thirds.

21 RADIO

The problem of providing a suitable radio link for
the remote control of missiles was a major activity
of the Division and is covered comprehensively in
Chapter 6.

The initial work on the Azon-Razon program used
a radio having two r-f carriers. These were pulsed by
a commutator keving circuit. The ratio of time-on to
time-off of the pulse on one carrier was determined
by the position of a rudder-control stick. An in-
tegrating circuit following the detector in the re-
ceiver caused the servo link to make the rudders as-
sume a position corresponding to that of the rudder-
control stick. A similar chain produced proportional
control of the elevators. The r-f section of the re-
ceivers were superregenerative for compactness; the
gain was adjusted so that the final stage saturated
with the lowest expected signal.

The field tests at Eglin Field in April 1943 showed
that although proportional control was available it
was not used; that is, the controlling bombardier put
the rudders hard over, adjusting the amount of error
correction by the timing of full rudder commands,
(See also Chapter 10 for remarks about on-off versus
proportional control and simulative methods of their
analysis.) Accordingly, the standard RC-186 trans-
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RADIO 1

Frovee 120 View of target and Razon theongh Mark 15 bombsight cquipped with Crab attachment.
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42 AZON AND RAZON

mitter having six audio tones was emploved on all
further work with an on-off modulation—two tones
with Azon, four tones with Razon.

A super-regenerative receiver with a resistance-
capacitance filter in the audio end of the circuit
operated two relays giving “right”’ and “left”’ signals
to the rudders,

This receiver, with minor changes for production,
went into combat as standard equipment for Azons.
It was considered deficient in seleetivity and stability
and was suspected of being subject to false operation
from microphonics oceurring in the Azon tail. The
Army had, however, instituted procurement and
they were available.

In order to obtain a more reliable radio for Razon,
the Division, through Contract OEMsr-240 with
MIT, procured the design of a sharply tuned, crystal-
controlled superheterodyne recciver with a tuned
transformer for audio selcetion. Some forty of these
receivers were used in the Razon development pro-
gram. After the initial difficulties were overcome,
they were fully reliable. Other activities of the Divi-
sion in developing a suitable radio for control are
discussed in Chapter + and in Chapter 6, which is
concerned with the radio problem in general.

28 ACCESSORY COMPONENTS

284 Servo Links

Since the Azon and Razon are manually controlled,
the servo-link problem is a simple one. This is not to
say that all missiles can always be manually con-
trolled through simple servo links. In this case, it
developed that the dynamics of the servo loop had
phase-gain relationships such that a human operator
was able to cope with its response readily without
introducing serious hunting.

This was not fortuitously achieved. An engineer-
ing sense was developed by Gulf which led them to
choose bomb designs having only a moderate com-
pliance and a reasonably low natural period about
the pitch and vaw axes. Periods of 1 to 2 seconds
were found to result in bombs relatively easy to
steer. Lower periods obtained with higher compliance
resulted in bombs which got out of control; higher
periods produced bombs that “felt too stiff.”

A simple 24-v geared motor, standard in the air-
craft industry, formed a very satisfactory servo
link.

382 Flares

In order to follow the bomb during its flight a
pyrotechnic flare was mounted on the tail. Reliable
ignition was an annoying but not a profoundly tech-
nica) problem. It was solved by using electric ignition
of a time-delay powder train, which in turn fired the
flare 8 seconds after the ignition circuit was energized
by the bomb release. This is not wholly foolproof.
One plane was burned up when a flare-equipped
bomb dropped on the taxi strip before take-off; an-
other was seriously burned in the air when a bomb
hung up in the bomb bay. The flare-energizing cirenit
should be closed by a contaet on the tail fuze, which
depends for arming on travel for several hundred feet
through the air.

The use of colored flares and selectivs alters on the
Crab sights for mass attacks was studied in eoopera-
tion with Division 16 and Division 11. Wesleyan
University, under their contract with Division 11,
experimented with various color formulas.®' In gen-
eral, the results were not too successful. Most pyro-
technic color formulas are subtractive, as are filters.
Thus, a bombardier using a red filter, for example,
would hardly distinguish between a white flare and a
red one, Actually, it was found that a bombardier
had no trouble coneentrating on his own bomb even
in tight formations with all flares white.

2 Fuze Arming

The detonation of standard general-purpose bombs
is accomplished typically by two fuzes, one in the
nose and one in the tail. These fuzes are armed by
wind vanes driven by the wind stream after the bomb
has been released. An arming wire, which is with-
drawn on release of the bomb, pins the wind vanes
and prevents their rotation from drafts in the bomb
bay.

It is perfectly simple to apply the standard nose
fuze to Azon and Razon. This was done. The tail
fuze presented a more troublesome problem since the
mechanism in the tails prevented the use of wind-
stream arming. Electric arming motors were sug-
gested and tried. It was conceivable that failures of
the circuit would cause the bombs to arm before they
were released and this system was, therefore, deemed
unsafe.

A cup-anemometer drive to be mounted on the
side of the Azon or Razon tail was offered by the Air
Tochnical Service Command. Fhis was tested with
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FIELD TESTS 43

some misgivings since the trying experience of the
Division with roll stabilization raised doubts as to
the possible introduction of serew asymmetry in the
structure with the anemometer on one side. Fortu-
nately, these fears proved groundless, and this sys-
tem was applied to both bombs.

2y FIELD TESTS

The program of developing a guided bomb finds its
most active phases at the testing ranges. Much can
be done in the laboratory; as we have seen, the wind
tunnel is a most necessary tool in establishing the
course along which an investigation may proceed.
For the great bulk of the work, however, actual drop
tests form the only technique so far established for
developing and proving a design.

For such work the Division relied almost entirely
upon the military. In the program on glide bombs
{see Chapter 1) the Navy Bureau of Ordnance fur-
nished facilities. For the Azon and Razon program,
the field testing was done at establishments of the
Army Air Forces. It is impossible to say too much in
appreciation of the cooperation rendered by the offi-
cors of the Air Technical Service Command and its
predecessor group, the Air Materiel Coinmand. In
spite of being short of aircraft and range facilities for
the multiplicity of projects that they had in hand,
they arranged to share what they had with the Divi-
sion, sometimes at the expense of their own projects.
It was not until December 1944 that suitable facii-
ities with aircraft, ranges, ground transportation, and
maintenance and shop facilities were established at
Wendover, Utah, in which the Air Forces group
charged with the development of guided missiles had
a vested interest. Theretofore, they had worked—
and the Division perforce with them—as more-or-
less welcome guests of Ordnance Department at
Aberdeen, Md., the AAF Proving Ground Command
at Eglin Field, Florida, the Fourth Air Force at
Muroc Lake, California, and at Tonopah, Nevada.

The early work at Aberdeen was concerned chiefly
with the development of nose cameras for recording
the performance of the bombs,»'? with early roll-
stabilization experiments, and with preliminary
tests with 100-Ib bombs to establish qualitatively
that reasonable deflections of the trajectories could
be obtained from. small control su.faces.

The work at Eglin started in December 1942 with
a series of bombs controlled by clock-driven cams.
The trajectories of these bombs had heen eomputed

on the Rockefeller diflerential analyzer using data
from the Wright Brothers wind tunnel at MIT, The
work was plagued by mechanical failures which
masked the significant data. Out of 10 drops 7 failed
to stabilize in roll. From the remaining 3, however,
important facts were learned. As shown in Figure 13
the radius of curvature was less than expected and,
as described in Section 2.5, the lift and maneuver-
ability were therefore greater. Two of the three
bombs which were sucvessfully roll-stabilized were
deflected along one coordinate only.

OBSERVED
TRAJECTORY

*LIFT
CALCULATED RUDDER 107 L

TRAJECTORY

15-RUDDER 5°
( RIGHT ’

SECONDS AFTER
/ RELEASE

[

1000 FEET
]
1
1
1
10 RELEASE

Fioure 13. Comparison of caleulated and ohserved
trajectory of cam-controlled bomb.

The work was continued in February of 1943 with
twelve more bombs, two of which were of the MIT
cylindrical design referred to in Section 2.4.2 and
shown in Figure 6. These bombs were all radio-con-
trolled and while the average of success was not much
greater than in the December tests, that of one drop,
Figure 14, was great enough to stimulate consider-
able interest in Azon.

Characteristically, the Division questioned whether
the single successful drop of Figure 14 was not an
accident-—the final accuracy of 20 ft rather than the
plotted trajectory having been presented. Accord-
ingly, succeeding drops were made in pairs simulta-
neously released: one standard bomb uncontrolled,
and one Azon or Razon to which control was applied
(Figure 15). This technique gave an approximate
measure of the error corrected by radio control with-
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44 AZON AND RAZON

out waiting for the analvsis of motion-picture camera
records.

A word should be said about the presentation of
trajectories. No satisfactory frame of reference has
been developed for defining the trajectory of a grided
bomb. The logical svstem would be Cartesian, in
which one plane would be the ground, the second
would be a vertical plane containing the bombing
run, and the third would be a vertical plane normal
to the second and containing the target. Instrumen-
tation to yield such projections of the trajectories i=

I ]
l . €500
IMPACT ﬁ“‘
L. BN §000
ROAD TARGET ;"] | u
12 FEET WIDE q)d—f 5500 &
-
— 000 2
< ok
< 4500 %
400 3
=
3500 3
<
x
000 =
<l u
-
- .‘7-"--..__% 2500 s
m—
w00 2
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et 1000
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D 6 40 20 © 20 40 &0 &0
DEFLECTION FROM
CENTER OF ROAD - FEET

Fraore 14.  Firat successful Azon drop.

difficult to assemble and to coordinate. Three phote-
theodolites would probably be a good solution, but
the time coordination of three ground stations and an
airplane is extremelyv difficult. In this work the tra-
jectories are presented as ground projections from
the aireraft, unaccelerated flight after release being
assumed. Such projections are simple to instrument
but their true significance is sometimes elusive, .\
more complete discussion of the measurement and
analy=is of trajectories is given in Chapter 8.

The development test program of Razon was
largely carried out at Tonopah, with final ballistic
experiments to establish the constants for Jag per-
formed at Wendover.

¢ PRODUCTION ENGINEERING OF
AZGN AND RAZON

However competent a development program may
be, it is mmevitable that ehanges in the design are
required to suit the technigues of mass production,
Contracts OEMsr 1081. 1258, and 1415 were made
with the Union Switch and Signal Company to im-
plement the development of the Gulf Research and
Development Company and the research of MIT for
combat use. The activities under these contracts are
deseribed in Chapter 11,

| AZON IN COMBAT

A squadron of B-17's took the first Azons into
combat in February 1944. This group went to the
Mediterranean Theater of Operations to join the Fif-
teenth Air Force. They were accompanied by a Tech-
nical Aide from the Division. This group had the usual
difficulties which oceur when new equipment is intro-
duced into combat. The radio receivers {see Chapter
6) particularly gave trouble. Nevertheless, successful
missions were flown against the Ancona-Rimini rail-
way bridges, locks and bridges at the Iron Gate on
the Danube, and other targets. One spectacular suc-
cess was the demolition of the Avisio Viaduet south
of the Brenner Pass. This viaduet was a key route for
personnel and supplies supporting the German de-
fenses in Italy.

As a result of this sucress a heavy procurement
program of Azons was instituted, and a second squad-
ron, B-24’s, was prepared for the Tenth Air Force in
the China-Burma-India Theater. At the suggestion of
the Division, this squadron was diverted in April
1944 to the European Theater of Operations (ETO) to
join the Eighth Air Force. They were successful in
demolishing bridge targets in Normandy both on the
Seine and Loire. Figure 16 is a strike photograph of a
bridge at Tours successfully attacked on June 6,
1944. The number of craters adjacent to the bridge is
testimony to the preceding unsuccessful attempts
against this target.

Production orders were again increased and a ma-
jor training program established. This program was
completely cancelled in July 1944,

In November 1944 the Division was requested to
send a technical representative to Burma to assist an
Azon squadron stationed there with the Tenth Air
Foree. This squadron was sent out to replace the one
which had been diverted tothe Eighth Air Forcein the
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Frovne 15, Two Azon Jrops with uncontrolled reference bombe,

ETO in the preeeding April. They had gone without
the knowledge of the Air Communieations Officer,
within whose rewponsibility guided missiles rested,
This squadron sueveeded in cutting all Japanese Yines
of communication in Burma during December 10444
aned Inpuary 1915, (See frontispiceee.)

~pediterd action was requested for additionnl
Azom control equipment for half the heavy-bomber
steength in the CBI Theater, and the production pro-
gram was reinstituted.

It is not clear why the Azon program was cancelled
in the summer of 1944, There scems to be no question
that the system whereby bombardment groups re-
ceived eredit for tons of bombs dropped rather than
for targetr destroyed seriously binsed theater com-
manders in favor of mass salvos as agninst aimed
single drops. This system, together with the basis for
award of decorntions, has heen harshly eriticized by
the Air Foreex Fvaluntion Board of the Pacific Ocean
Area® A study to lenmn why the Azon progemm was
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RAZONS AGAINST ARMORED TARGETS 47

terminated and to make recommendations as to the
future policy concerning this missile was made by the
Guided-Missile Subcommittee of the Joint Commit-~
tee on New Weapons and Equipment of the U. 8.
Joint Chiefs of Staff. The results of this study have
not been made available to the Division.

21 TARZON

As the war closed the Division had under way the
development of Razon-like controls for the 12,000-1b
British Tallboy, a deep-penetration bomb. Work had
not progressed to a point which would justify report-
ing it here. It is covered in the final report'* of the
contractor who is continuing to serve in a consulting
capacity on the projeet, which has been transferred
to the Air Forces.

B RAZONS AGAINST ARMORED
TARGETS

The increased deck armor of capital ships makes
them nearly invulnerable against attack with 1,000-
Ih GP bombs. The large specific gravity of the armor-
piercing or semi-armor-piercing bomb, however,
mukes it an unpromising missile for control in the

Razon manner. Furthermore, the pitching and yaw-
ing required for control would reduce the striking
velocity which is the missile’s strength; also, there
is a high probability that such a bomb would strike
obliquely, losing its armor-piercing power.

The Division requested Division 8, Explosives, to
study the possibility of using the Munroe effect of a
shaped charge in a 1,000-1b GP bomb casing. Their
study and scale-model tests indicated that such a
bomb could defeat 11 in. of armor without loss of
blast effect. Full-scale firing tests were made on April
1, 1945, at Dahlgren Naval Ordnance Station. The
bomb was statically fired against the target, which
consisted of one 11-in. and one 4-in. armor plate and
three 34-in. mild-steel plates. Each plate was sepa-
rated from the next by an 8-ft air space. Some un-
fuzed 100-1b bombs were stacked between the second
and third plates of mild steel. The jet from the bomb
penetrated all the plates of the target and detonated
some of the 100-Ib bombs.

Consideration was given to the design of & com-
posite bomb having a shaped charge with a follow-
through explosive charge. The problem of preventing
detonation of the follow-through when the shaped
charge is fired will require considerable effort if a
solution is to be found.
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Chapter 3

FELIX AND

8.1 INTRODUCTION

HE 10kA of 4 missile so endowed with properties
that it would of itself seek out its target on ac-
count of some character inherent in the target has
appealed to romancers for centuries. The magic bul-
let of the Freischitz legend, for example, was so
charmed that it would inevitably strike the heart of
a traitor irrespective of any lack of marksmanship
on the part of the rifleman, The radar-homing mis-
siles of Chapter 1 and the photoelectric-choming con-
trols described in later chapters go only part way in
meeting this ancient need. In each case the homing
action of the missile is determined by reflected energy
derived from electromagnetic illumination of the tar-
get—in the centimeter wavelengths in the case of
radar, in the visible range in the case of the various
photoelectric devices investigated by the Division.
Between these two wavelength bands lies the group
of radiations generally known as heat. The source of
such radiations is inherent in the temperature and
surface quality of every object. If, then, a method
could be developed to identify a military target by
its heat radiation and then to cause a bomb to home
on these radiations, a weapon possibly less subject to
jamming or camouflage countermeasures might re-
sult. This was the objective of the Felix program.
Considerable confusion has been prevalent in dis-
cussions of infrared and heat-actuated devices. To
aid in reduction of this confusion the IJivision issued
a memorandum to contractors and lisison officers
setting forth the properties of electromagnetic radia-
tions from the upper limit of visibility, say 0.80 « to
approximately 20 . This memorandum is included
as Appendix C* of this report, and its careful study
by those interested in heat-homing missiles is urged.
The masking of visibility by fog is well known.
The absorption of radiation by invisible water vapor
is less generally appreciated, although the spectacu-
larly greater visibility of arid areas compared with
coustal regions is relatively commonplace. In addi-
tion the advent of infrared-sensitive emulsions for
photographic work has, for the lay mind, confused
the situation by investing in any *‘invisible light’’ the
property of prodigious penetrating power,
This simply is not the ease. The true situation can

DOVE EYE

hardly be stated concisely, and in addition to Appen-
dix C of this report the reader is referred to the work
under Division 16, NDRC, at Harvard University.!
In general it can be said that so far as visible ob-
structions to radiation such as mist, fog, and clouds
are concerned, there is no wavelength radiated by a
military target that has appreciably greater penetrat-
ing power than the visible band between, roughly,
0.40 » and 0.70 4. For haze, smoke, and fine dust
there is some gain in penetration from the use of
wavelengths which are long compared with the par-
ticle diameter.

In addition to the absorption by the agencies just
cited there is further attenuation of radiation by at-
mospheric water present as pure vapor. This absorp-~
tion is a function of wavelength and is at a high
value for radiations adjacent to the visible portion
of the spectrum, 0.7 4 to 7 u. It is in this near infra-
red region, closely adjacent to the visible, that the
common infrared devices—photographic emulsions,
photoelectric cells, and photochemical devices-—op-
erate. Indeed their generic names suggest their char-
acter as being light-sensitive rather than heat-sensi-
tive systems. At very long infrared wavelengths the
radiation cen be detected and measured® by micro-
wave techniques,

The Stefan-Boltzmann law (see Figure 1 of Ap-
pendix C) teaches that but little energy is radiated
from targets at these short wavelengths. At longer
wavelengths (8.5 u to 15 u), however, the situation
is widely different. At these wavelengths, objects at
ordinary temperatures radiate at their maximum
energy level; furthermore there is at precisely these
wavelengths a “window’’ (reduction) in the absorp-
tion characteristic of water vapor. Figure 1 was ob-
tained simply by multiplying the black-body radia-
tion by the transmission through water vapor given
in Figure 2 of Appendix C,

1f a bomb is to be controlled by heat radiation
from its target, it is in the region of the water-vapor
window that the measurements of heat must be
made. Other wavelengths will not be received in suf-
ficient quantity both because of their paucity at the
source and because of water-vapor absorption. The
techniques of measurement in this fieid have been
well explored by asironomers; they consist chiefly of
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GENERAL 49

the use of the bolometer, gas thermometers similar
to the Hayes cell, and the thermopile.

This introductory point has been stressed because
confusion still exists. Even after the full discussions
and interchange of reports between groups interested
in this problem, one still hears the report that, ‘“The
Germans had an infrared detector ten times as sensi-
tive as ours.” This is probably not true; even if it is
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Fisure 1. Energy received from radiating sources
through a water-vapor curtain.

true, it is not particularly significant as regards
guided missiles. In every case where the attention
of the Division has been drawn to such detectors,
they did indeed have a high sensitivity but in the
near infrared region. They have been photosensitive
rather than thermosensitive systems. A similar and
equally false comparizon could be made between the
sensitivi'y of bolometers and that of the microwave
techniques of Dickie.? The sensitivity of his method
(107 watt) is many orders higher than that of the
bolometers used in Felix. It is of no value to have a

sensitivity of detection a hundredfold greater if the
energy available at the frequency where the sensi-
tivity is high is a thousandfold less.

32 GENERAL?#4

Figure 2 is a photograph of the final version of the
Felix bomb as it was produced for combat use. The
main structural member was a standard M-44 1,000-
Ih GP bomb. Attached to the front by the nose-fuze
thread was a false nose containing a scanning system
to detect thermal targets and to transform the heat
signal to an amplified electric signal. A false tail,
mounted by means of the fin-lock thread, housed
servomotors which operated elevators and rudders
in response to the electric signals developed in the
nose. In addition, the tail contained a twin gyro unit
—one free and one rate gyro—which controlled aile-

Figure 2. Felix bomb,

rons to maintain the position of the missile fixed with
respect to the roll axis.

In the initial instant after the bomb clears the
bomb bay, its flight is horizontal, headed toward the
horizon. Not until some seconds have elapsed will it
nose over sufficiently for the roll axis of the homb to
point toward the target (Figure 3). The mechanism,
therefore, includes a time switch which keeps the
elevators and rudders locked in neutral until the
bomb has fullen to a point where the axis of scan
intersects the ground in the vicinity of the target.
For a drop from 15,000 ft this will be at about
10,000 ft.

Transverse lift is supplied by the body of the mis-
gile itself in the same manner as Azon and Razon
(see Chapter 2). Such a body of revolution is not an
ideal airfoil and considerable angle of attack has to
be applied in order to develop sufficient transverse
acceleration to correct errors of aim or to follow the
maneuvers of an evasive target. The scanning system
was therefore mounted on gimbals and connected by
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50 FELIX AND DOVE EYE

cables with the rudders and elevators so as to align 20* & 1°30; 2r

the axis of scan more nearly with the tangent to the A

flight path (Figure 4). This coupling also served as a N7 W {ﬂ

stabilizing feedback. W N N !
The scanning system is discussed in detail in a SMELEE EAS

subsequent section of this chapter. In general, it
consisted of an optical bolometric assembly which
scanned the terrain in a field of 10-degree radius ap-

. . RUODER ELEVATOR
proximately centered on the point where the bomb BELLCRANK: BELLCRANK
would fall with no further control added. The re- Q AT
ceived heat measured by the bolometer while scan- RUDDER
SER TOR 1 LES OHEYE
25,000 — Wy = BATTER INSPEGTION
FT . ! DOGR
~ INSPECT! - KICK-OFF
. DOOR SWITCH
-
TAIL FUZE-
. ARMING VANE 1 TYERY
EVEL
o S :
20,000— -~ '
FT ~ 1
~ %
A9
“— - A : )
Sa N [} '
18,000 " AR
FT NORMAL 1
FREE FALL

BELLYBANDS CONDUIT

R = MAXINUM
CORRECTION BOMS CAN MAKE
FROM FREE-FALL POINT X

Ficure 3. Freedall portion and homing portion of
Felix trajectory.

ning opposite half-fields was compared, and the mis-

sile was directed toward the half-field radiating the Rl Lock

greater heat. Two channels provided one pair of half- SYSTEM | RiNG ——OYNAMOTOR

fields in the range sense and another pair in the  ELECTRO i S GTARGING UACK

azimuth sense. - ) - EVEL
The scanning system contained no intentional  TRANSFORMER BATTERY

dead band where there was no signal for correction ~ DESICGAT ) 0 BIAS DEVICE

in any direction. The servomotors, therefore, were G"‘:" ™ GIMBAL

continuously energized for full speed in one direction wm_ T SPRInG
. BREATHING

or the other. Except for the very small interval re-  oupHRAGM

l PROTECTION
quired for reversal upon instantaneous reversal of i !§ L/ cars
armature current, they operated at constant speed i
to give “up” or “down’” elevator and ‘right” or
“left”” rudder. Such a system is inherently osciliating. {'1GurE 4. Assembly of Felix.
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SYSTEM DYNAMICS 51

The back coupling from the rudders and elevators to
the gimbal-mounted scanning head tended to reduce
the amplitude of the oscillations.

13 SYSTEM DYNAMICS
331 The Equations of Motion

The motion of Felix under the control of its hom-
ing device consists of two interdependent portions:
motion of the center of gravity under the acceleration
of gravity and the aerodynamic lift, and rotation
about the yaw and pitch axes under the action of
aerodynamic moments. Rotation about the roll axis
is prevented by the gyro-aileron system as in Razon.

In Figure 5,

X is the horizontal range of the bomb from the re-
lease point;

H is the instantaneous altitude of the bomb;

V' is the instantaneous direction of the velocity
vector whose value is v;

B is the axis of the bomb in roll;

« is the angle between the velocity vector and the
bomb axis, the angle of attack;

5 is the elevator displacement with respect to the
bomb axis;

s is the instantaneous direction of the axis of scan;

¢ is the angle between the axis of scan and the
bomb axis;

H is the measured error, the angle between the
axis of scan and the bomb-target line;

Y is the true error in heading, the angle between
the instantaneous velocity and the bomb-target
line;

v is the elevation from vertical of the bomb-target
line.

A lift perpendicular to the velocity is developed by

the angle of attack set up by the elevator displacc-
ment. In the steady state this lift is

L = }pV?C.A )

where p is the air density, C, is the lift coefficient,
and 4 is the area over which the lift is developed.
The relationship between C 1, and « is linear for small
values of @ and for airfoils of conventional shape.
Although for bombs of this type the departure from
linearity is appreciable, it was neglected in this case.
A drag in line with the instantaneous velocity is:

D = }pV*(CpA (2)

The relationship between the drag cocfficient €y, and

a is quadratic. The position of the center of gravity
is determined, then, by:

i= Lheos(vhy) - “Dsin(r+9) @)
and m 1 mn 1
-R =y-;;Lsin('v+\b>~;;DCOS(-v+¢) 4

where m i1s the mass of the bomb.
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Fiaure 5. Centrol of Felix in range.

The angle of attack which deterniines the lift and
drag is derived from the rotation of the structure
about its center of gravity. The rotation is reponsive
to a pitching moment:

M = }pV*Cyud (5)

where the moment coefficient Cy is a function of a
and 3. An approximate fit of the steady-state wind-
tunnel data is given by:

Cy = kia + kwa® — 6 6)
The rotation is opposed by an aerodynamic damping
R = kypV )]

The rotary motion then becomes
Ii+Ra—M=0 (8)

The simultaneous solution of equations (3), (4), and
(8) defines the motion of the missile.

The solution is complicated not only by the non-
linearity of the relationship between the forces and
moments and the corresponding displacements but
more particularly by the relationship between § and
the observed error angle H. The elevator motion §
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52 FELIX AND DOVE EYE

is discontinuous with time. Between the travel im-
its, +4

max

d= ks if H>0 (9)
d=—k f H<O (10)

Furthermore
H=a~¢+7 (11)

where H by virtue of the coupling from the servo
link is partly proportional to é and partly a time
function developed by the bias device.

133 On-Off Control

An on-off eontrol is extremely difficult to analyze.
The British did considerable work in this field, ref-
erences to which have been made in various Army
reports. In addition the Germans%»%%%!1 worked
exhaustively on this subject. The differential ana-
lyzer at MIT is inadequate to cope with the prob-
lem in its entirety. Its use was invoked for simpli-
fied portions, but in the main the resolutions were
obtained by extremely laborious point-by-peint in-
tegration and by means of a simulator.

The simulator is described in Chapter 10. It pro-
duced solutions of the equations of gingle-axis rotary
motion, including the nonlinearity in the relation-
ships. In the point-by-point integration the complete
analysis was made. In each method, however, the as-
sumption was made that steady-state data taken in

~ N
-~

A\
-A‘ “—AXIS OF 30OMB
N

W\
A\
A\
aus oF \\

SGAN—.\\

POINT OF IMPACT WITH
NO ADDITIONAL CONTROL

Figure 6. Parabolic thinking.

the wind tunnel is applicable throughout the tran-
sient regime.

While no thorough quantitative analysis of the
dynamics of the Felix system is therefore practicable
in this report, a qualitative discussion will be helpful
in explaining its operation. An on-off control system
such as this one keeps the rudders and elevators in
continuous oscillation. If the scanning system were
rigidly mounted with axis collinear with the roll axis
of the bomb, the whole structure would oscillate, with
the roll axis swinging about a line continuously
pointed at the target. This would be an extremely
inefficient control, since a considerable angle of at-
tack is required to develop the necessary correcting
lift, and with the oscillations of the structure the
average angle of attack would be continuously defi-
cient. Back coupling causes the rudders and elevators
to oscillate about a mean position which causes the
scanning system to look continuously at the target.
Thus if a correction is ealled for, the eontrol surfaces
will oscillate about & mean position which gives lift
in the direction to correct the error. A quasi-propor-
tional control is thus effected. If the back coupling
could be made through a linkage which matched the
dynamic a-to-5 relationship, i.e., so that the axis of
scan was continuously tangent to the flight path—
then the measured error angle would become the
same as the true error angle,

H=y (12)

z_md a truly proportional control would ensue, where
4 is the mean control-surface displacement:

5 = Ky (13)

Without knowledge of the transient response of
airframes, such a design is impossible.

Such a control system, however, would still be
wasteful of controllability, especially in the range
sense. As the bomb falls in its normal parabolic path,
the first glimpse which the scanning system will have
of the target would indicate a gross overshoot, even
if the bomb were perfectly aimed or were aimed
short. In Felix a bias device was added which super-
posed on the back coupling a range deflection which
caused the scanning axis—with the elevators in neu-
tral—to look along a chord of the parabola at the
point on the terrain where the missile would fall with
no further control added (Figure 8). This system of
biasing, known as parabolic thirking, was deemed by
Gulf*? to be unnecessary. The deflection between the
axis of the scanning system and the axis of the bomb
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SCANNING SYSTEM 53

(¢¢) which the bias device inserts is a function of
altitude and the range component of airapeed. Since
the latter is subject to considerable variation be-
tween the points of release and impact, the conclu-
sion of the Gulf investigation was that sufficient ac-
curacy could not be obtained in its estimate to justify
correcting for it. The success with the photoelectric
high-angle target-seeking bomb (see Chapter 9) sup-
ports their conclusion. Further study is nceded.

8.4 SCANNING SYSTEM

.41 Bolometer

The requirements for the thermosensitive element
in the Felix system are high sensitivity, freedom from
microphonics, and low time constant. Thermopiles
were tested but found to be inferior to bolometers.
although General Motors in an investigation made
for the AAF is said to have had some success with
far infrared detectors of this type. Bolometers of
many types were tested, including the nonmetallic
thermistor of Bell Telephone Laboratories. None was
more satisfactory than the pure-metal type, nickel or
gold. The former was the type finally used in the pro-
duction design. Work was done with gold bolometers
consisting of a single strip of evaporated gold sup-
ported on a thin nitroceliulose diaphragm.?® Although
these bolometers worked well in drop tests, they
seemed less suited to manufacture than the nickel
strip bolometers developed at MIT.

The bolometer element proper consisted of four
nickel strips 0.26x0.045x0.00001 in. The nickel
strips were manufactured'® by electroplating nickel
from a hot (90 C), concentrated solution of nickel
ammonium sulphate onto an aluminum cathode.
Thickness was controlled by adjustment of the time
of current flow. While supported on the cathode the
nickel film was cut to the correct width (0.045 in.),
after which the alumirum was removed by dissolv-
ing it in 4 1 per cent solution of sodium hydroxide.
The plated cathode, scarred by the cuts in the nickel,
was immersed in a shallow bath of the solvent. The
nickel strips quickly floated to the surface, borne by
the bubbles formed as the aluminum dissolved. The
strips were then washed in distilled water and dried
flat on paper.

The strips were supported in the bolometer (Fig-
ure 7) by springs of phosphor bronze, designed so as
to produce a natural period in the nickel strips well
above the scanning frequency (32 e). This required a

pull of 2 to 3 grams—equivalent to a loading of
about 12,000 psi in the nickel. Some damping was
provided by making one set of the phosphor bronze
springs on one end softer than the other. The nickel
strips were hard-soldered to the springs.

The springs were supported on mounting and lead-
in wires in a glass-steel press to which a cap of pure
silver was soldered. The top of the cap had a dia-
phragm opening 0.199 in. in diameter, and the whole
was covered with a drawn spherical-segment window
of pure silver chloride fused to it. To increase the
speed of response of the bolometers, the assembly was

DIAPHRAGM OPENING WINDOW
Ni D —=FILLET OF
(L] SOLDER
p—SPRINGS
8U -
WIRES
- CAP
LOER
SN 1|
N 7 i

7S
LI LILNN Y I
Ak

F‘/ ;///,/,‘ y;/// /.
LEAD wmte—\T

GE NO.R3 OLASS

ot

Fwure 7. Nickel-strip bolometer.

filled with dry hydrogen at approximately 3 mm
pressure.

The sensitivity was increased by covering the front
surface of the nickel strips with a coating of gold
black formed by evaporating pure gold onto the
nickel in a low-pressure atmosphere of hydrogen. The
technique required nice adjustment since the coating
to be effective must have a high absorption in the
8.5- to 15-p region combined with a low thermal mass.
A good coating increases the thermal sensitivity of
the bolometer by a factor greater than 5. Too heavy
a coating can increase the thermal mass and thus
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54 FELIX AND DOVE EYE

reduce its effective sensitivity. Full instructions are
given in Appendix B of the final Felix report.

342 Optics

The optical system (Figure 8) consisted of a rotat-
ing parabolic mirror of approximately 1-in. focal
length and aperture of 234-in, diameter, The axis of

(\
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Ficure 8. Optics of Felix.

the parabola was inclined 5 degrees to the axis of
rotation, the axis of scan. The two axes, that of
rotation and that of the parabola, intersected at the
focal plane of the mirror. The bolometer was mounted
with its center at the intersection of the axes. The
diaphragm in the bolometer assembly (see Section
3.4.1) limits the field which can be projected onto
the bolometer strips o a circle 10 degrees in diam-
eter, 5 degrees either side of the parabola axis.

TOTAL FIELD
OF VIEW

INSTANTANEOUS
FIELD

~ - TRACK OF TARGET \
{1 OEGREE OFF AXIS
| O BOLOMETER \
49 PER CENT
v OF TME |
/' ,
-
/

TRACK OF TARGET 9DEGREES OFF AXIS
ON BOLOMETER 1S PER CENT OF NIME

TIVITY

i i L I ' i L ' L i i

0 8 6 4 2 0 2 4 6 8 10
DEGREES FROM CENTER OF FIELD

Ficure 9. Scanning pattern (top); relative sensitivity
(bottom).

The combinatior of the diaphragm and the inter-
section of the optical axis with the axis of scan as-
sured that no rays more than 5 degrees off the para-
bolic axis were used. As the mirror rotated, rays par-
allel to the rotational axis focused at a point which
traveled around the edge of the diaphragm aperture.
Rays 5 degrees off axis crossed at the center of the
bolometer; rays 10 degrees off axis just intersected
the edge at a point diametrically opposite to that of
the ray incident along the axis of scan,

A simpler way to look at such a system is to con-
sider it in reverse, with the bolometer as a radiator
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SCANNING SYSTEM
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Ficure 10. Scanner assembly.

rather than as a receptor. Thus an image of the dia-
phragm is projected on the terrain by the mirror,
As the mirror rotates the image nutates—i.e., trans-
lates in a circle—about the axis of scan. The distine-
tion between nutation and rotation is important, for
if the image of the bolometer diaphragm could be
made to rotate (which could be accomplished, for
example, by a rotating bolometer) the sensitivity of
the system to targets near the edge of the field could
be increased by using a cardioid-shaped aperture.

Figure 9 shows the sensitivity of the scanning sys-
tem as a funetion of measured error angle. The de-
parture of this characteristic from the ideal square
curve (shown dotted) is the result of three causes.
The first cause is due to the nutational character of
the scanning. The scanning pattern shows the tracks
of targets at 1 degree and 9 degrees off axis. It shows
that the target near the center is on the bolometer
for 49 per cent of a scanning cycle; the more remote
target is on the bolometer for only 15 per cent of the
evele.

The second cause is inherent in the opties of a fast
parabola, which produces a good image on the axis
but a confused one from an object 5 degrees off axis,
Schmidt opties could correet this, but mounting a
Schmidt corrector plate in such a scanning system
presents a serious mechanical problem.

The third cause is the essentiully flat character of

SEC

a hole. This makes the diaphragm aperture, which
looks like a circle when viewed from the center of the
mirror, appear as an ellipse when viewed from the
mirror’'s edge. With the aperture ratio used (f0.36)
the apparent axes of the ellipse were 10 degrees and
3.5 degrees. As a result, the effective speed of the
parabols is much reduced for off-axis rays. The only
cure for this would be reduction of the parabola
aperture, with consequent decrease in the overail
sensitivity. Further, the large parabola served an-
other purpose as a shield for thermal radiations from
the scanner case.

Figure 10 shows a cross section of the complete
scanning unit. The mirror surface and the bolometer
have to be protected against any condensation. This
was accomplished by sealing the mirror and bolom-
eter in a dry air space by means of a conical window
of 344-in. base diameter and having an apex angle of
136 degrees. The conical shape and apex angle were
so chosen as to prevent any heat from the warmed
bolometer or its case from being reflected onto the
parabolic mirror and back onto the bolometer strips.

To prevent fogging of the external window surface,
the window material, silver chloride, was made 14
mmn thick, giving it a low thermal mass. Silver chlor-
ide is highly conductive (80 per cent transmission)
to wavelengths between 8.5 and 13 u. It is, however,
extremely sensitive to actinic light. In the strony;

RET




56 FELIX AND DOVE EYE

ultraviolet illumination found at altitude it becomes
nearly opaque in the visible and partially opaque to
infrared in less than an hour. This difficulty was sur-
mounted by coating the windows with silver sulfide in
a layer sufficient to reduce the transmission in the
0.4- to 2.0-x band to about 1 per cent while preserv-
ing a transmission in the 8.5- to 13-x band of 70 per
cent. Uncoated windows have a transmission in this
hand of about 80 per cent.

A second difficulty with silver chloride is its ex-
treme corrosive tendency when in contact with base
metals. This was curbed by the use of a nonmetallic
gasket between the window and the scanner case.

TRINS FOReRTE
ASSEmMLY

Freure 11, Seanning system in place.

The large window was capable of standing a pres-
sure differential of approximately 4 psi, which is less
than the sum of the dynamic pressure and the pres-
=ure change from high altitude to sea level. An equal-
1zing system was constructed by sealing the bulkhead
which closes the back of the scanner compartment,
and the annular space between the front of scanner
and the nose fairing was closed with a flexible, porous
gasket of nylon. Thus the whaole eavity housing the
secanner (Figure 11) was kept close to the same pres-
sure that existed on the nose of the bomb. The inside
of the seanner —the chamber behind the silver ehlor-
ide window - -was connected with this cavity through
a large tube containing silica gel as a desiccant.

SECRET

The remaining elements of the scanning head con-
sisted of the driving motor and the commutator. The
motor was of a special design with close tolerances to
permit direct mounting of the parabolic mirror on
the motor shaft with preservation of optical align-
ment. To reduce magnetic pickup, the shaft was
made of nonmagnetic material (bronze). To prevent
change in phase shift as the signal was amplified, the
motor was regulated at 32 rps by a centrifugal gov-
ernor. A double-arm design was adopted to make the
governor insensitive to gravity. With the usual single-
arm design, the governor tends to cut in and out at
scanning frequency whenever the shaft is not verti-
cal. The change in field surrounding the motor caused
considerable pickup in the amplifier, which was tuned
for this frequency until the double-arm design was
adopted.

A commutator of the simple cam and rocker-arm
type, mounted on the back plate of the motor, indi-
cated the phase of the bolometer signal. Each of its
four contacts—up-down and right-left—was set to
close through 165 degrees of rctation; a small adjust-
ment was provided to accommodate variation in
phase shift through the amplifier.

3  ELECTRONICS AND SERVO LINK

3.5.1

Principles of Operation

The heat signal from the target is intermittently
fueused on the bolometer as described in the preced-
ing section. When the heat strikes the bolometer, its
temperature rises rapidly; as the heat image of the
target leaves the bolometer, its temperature falls ex-
ponentially until the image falls on it in the next
scanning cycle. This fluctuating temperature is ac-
companied by a fluctuating resistance so that the
bridge circuit of Figure 12 iz cyvelically thrown off
balance. The transformer, the primary of which
forms two arms of the bridge, serves as an impedance

CURRENT-
LIMITING
RESISTOR

BALANCING
RESISTOR

FiGrre 12, Bolometer circuit.
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match—about 10 chms—between the bolometer and
the high-impedance grid input of the first stage.
Figure 13 represents the temperature change in the
bolometer. In addition to providing an impedance
match, the transfcrmer, by eliminating the d-¢c com-
ponent and blocking the higher harmonics, converts
the signal to the approximately sinusoidal form shown
opposite the input circuit element in the block dia-
gram of Figure 14. The preamplifier lifts the signal
to a usable level and further removes harmonics.
The preamplifier is followed by a twin-triode stage
which produces phase inversion, resulting in a two-
channel output whose voltages are equal but in phase
opposition. The bias on this stage is such as to pro-
duce saturation (clipping) for strong signals. A sec-
ond clipping stage squares up the signal from weak
inputs and maintains the amplitude independent of
the strength of the input. The output of the phase
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FiGrre 13, Temperature variation in bolometer.

inverter stage is a pair of chopped waves; the output
of the clipper is a pair of square waves.

The signals from the two channels are now ana-
lvzed and resynthesized by the commutator. Consider
the situation represented by the block diagram of
Figure 14 where the target is on course in the azi-
muth sense but low. At the beginning of a scanning
cyele the output of channel 4 is positive, that of
channel B is negative. During the first quarter-cycle
the right-left channel receives its voltage through the
commutator frem channel B (negative). During the
half-eycle it receives its voltage from channel A (posi-
tive in quartei-cycle 2, negative in quarter-cycle 3).
During the anal quarter-cycle it receives its voltage
from channel B, which has now swung positive. The
vutput to the rudder channel is therefore a balanced
square wave of a frequency twice the scanning fre-
guency.
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The situation as regards the elevator channel is
quite different. At the first instant after the begin-
ning of tie scanning cycle it receives its voltage from
channel A (positive). This condition continues for
the complete half-cycle, at the end of which the volt- .~

e
age supply is switched to channel B, which has now :-:'_.-_:.{:
become positive in turn. The commutator output to :.J:'s
the elevator, then, consists of a substantially constant i‘::-:.}::
positive voltage. -,".‘-'_.\:.\
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FiGure 14. Block diagram of Felix electronic servo
syatem.,

The commutator outputs were fed into resistance-
capacitance circuits which integrated the voltage over
several scannicg cycles. Thus, for the condition
shown in Figure 14 the input to the elevator-control
cireuit slowly climbs. When the output of the inte-
grator circuit, amplified by the control tube, reaches
the pickup voltage for the control relay, the relay
operates. The elevator servomotor reverses, depress-
ing the elevators until the feedback connection to the
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scanner moves the target into the top half of the tield
of view, when the whole evele is reversed.

The input tc the rudder-control circuit oscillates
at a low amplitude about zero. The relay therefure
remains on the “‘right” contacts. It should be noted
that the diagram is somewhat incomplete. for after
a few seanning cveles the rudder servomotor would
cause the scanner to deflect, bringing the target into
the “left” half of the field of view. It is this feedback
operation which gives the quasi-proportional con-
trol discussed in Section 3.2

382 Transformer and Input Circuit

The transformer was of speeial design, having two
59-turn sections in the primary and 6,500 turns in
the secondary. It was wound on a Mu-metal core and
provided a net gain of 77 at 32 ¢. Three cases of Mu-
metal and one of copper produced a shielding of
90 dh.

The overall size was 174 in. in diameter by 234 in.
long. The final version of the missile provided more
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Firorre 15, Bolometer unit and its components.
space than this for the transformer. \ redesign might
have improved both the operating characteristics and
its ease of production. Transformer design talent was,
however, one of the most eritical procurement. prob-
lems which faced the Division, and the revision of a
working design was not undertaken.

‘The two halves of the transformer primary formed
two arms of a bridge eireuit; they were balaneed to
within 1 per cent as to resistance and impedance at
32 ¢. The bolometer comprised a third arm, which was
balanced by a special resistor wound with Hytemeo
wire, an alloy of high resistivity having about the
same temperature coeflicient of resistance as the
nickel strips. Close balance was essential to eliminate
noise and to prevent saturation of the transformer
core,

Power for the bridge was supplied from a special
f-v lead-acid batterv connected to the bridge by
short shielded leads. This portion of the circuit up-
erated at the lowest power level, approximately 1.0
microvolt, and extreme care had to be taken to mini-
mize pickup. The bridge tvpe of cireuit reduced some-
what the voltage output available from the bolom-
eter but it reduced the noise by a much larger factor,
the overall result of the circuit being a gain of about
50 in signal-to-noise ratio. Taken as a whole the in-
put circuit acted as a broad-band-pass filter, peaked
at 32 ¢ and having half-power points at 18 and 60 c.
The low cutoff is determined by the transformer it-
self, the higher limit by a 0.005-uf condenser on the
transformer output.

The transformer, series resistor, and Hytemeo bal-
anece resistor were housed in a heavy iron shield,
shock-mounted to guard against mierophonics, which
constituted an exceedingly acute problem. All con-
necting wires had to be carefully tested against the
production of noise from flexure. Each joint in the
primary eircuit had to be made so that no conductors
touched except within the solder bead of the joint.
The sensitivity of the bridge circuit to changes in
resistance, one part in one hundred million, imposed
these rigorous specifications. Accordingly the entire
input cireuit (Figure 15), bolometer, resistors, and
transformer, was made up as a unit, terminating in
a 4-prong plug for connection to the battery and
amplifier.

3.5.8 Preamplifier

The preamplifier consisted of two resistance-
coupled pentodes with fixed bias. The usual objection
to the use of fixed bias, wide varsation in tube per-
formance with fluctuations in plate-voltage level, was
avoided by stabilizing the plate and screen voltage
supply with voltage-regulating tubes. This had the
advantage in such a low-frequency amplifier of avoid-
ing large, oil-filled, cathode-by-pass condensers.
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Fiacke 16,  Felix electronics.

The band-pass of the preamplifier was approxi-
mately 45 ¢, peaked at 32 c. It is not a particularly
narrow band but it is sufficiently narrow to eliminate
a large portion of the noise, that above approximately
60 ¢. It could not have been made mueh narrower
without introducing serious phase shift with varia-
tion in scanning frequency.

.64 Phase Inverter and Clipper

Phase inversion was uccomplished by a twin triode
(1281.,7), with the input applied to one grid and a
common cathode resistor. The second grid was ei-
foetively gronnded to voltages of 32 ¢ through a0.5-pf
condenser. Thus the two plate outputs were 180 de-
grees out of phase, These two plate eireuits form the
start. of channels A4 and B of Figure 14. The second
twin triode (128N7; of Figure 16 elips or squares the
signal. Both the phase inverter and the clipper op-
erate with a positive 26-v bias on the grid, which
hoth stabilizes the operation of the amplifier and
prevents overloading and blocking of the circuit from
strong signals. This is most im portant, since blocking
even for a fraetion of a second would seriously upset
the operation of the integrating cireuit.

The whole scheme of operation of the electronic
servo system s based on phase diserimination. In the
preampiificr phase distortion was avoided by making
the band-pass wide enough to take care of scanning-

frequency variations. The signal level in that portion
was s0 low that danger of phase shift from amplitude
distortion existed. In the clipping section, however,
the reverse is the case. This section had to have a
wide band-pass to produce & square-wave cutput so
that there was no danger of phase shift due to fre-
quency swings. Phase shift from amplitude distortion
was avoided only by careful design. Since the very
essence of the elipping-circuit operation was a sym-
metrical distortion of the incoming signal, a careful
balance between the positive and negative portions
of the square-wave output had to be maintained.

§.6:8 Commutator and Integrator

The action of the commutator has already been de-
seribed (sec Section 3.5.1). It synthesized the signals
in channels A and B to produce the control signals
for the elevator channel and the rudder channel, 115
output was used to charge or discharge a 0.25-uf con-
denser in each of the two control channels. The high
side of each condenser was connected to a grid of the
twin-triode eontrol tube which had a 3-v negative
bias; a potential shift of 0.5 v at the control-tube
grid would cause the relays to operate.

The length of time required for the relays to re-
reive an operating sign: | depends on the voltage to
which the input conden~er at the control-tube grid
was last charged. It swings during operation between
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0 and —6.0 v. The time constant of the input eircuit Figure 17 indicates the operation of the system :‘:f,.:
is such as to require about 5 seanning eyeles fully to  with target metion from the down-left quadrant to ,-..:-'.:-;.':‘-,
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Flaure 17, Operation of Feli: clectronic servomechanism with target motion from down-left quadrant to up-right
quadrant.
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target has been in the down-left quadrant for a suf-
ficient interval for the integrating condensers in the
elevator channel and the rudder channel to have
stabilized at 0 and —6 v respectively. The target is
assumed to cross the intersection of the axes at¢ = 0.
T'en scanning cycles later the condenser charges have
changed sufficiently to cause relay operation,

156 Servomotors and Feedback

The servomotors controlled by the output relays
of the electronic servomechanism were simple 24-v
shunt-wound motors. The fields were continuously
energized. Their urmatures were energized for clock-
wise or counterclockwise rotation, depending upon
whether the control relays happened to be resting on
their front or back contacts. As has been already
pointed out, this gives rise to vscillation of the con-
trol surfaces about a mean displacement essentially
proportional to the error in heading.

The motors were gesred to give a displacement rate
of 12 degrees per second to the elevators; this speed,
combined with the time constant of the integrating
circuit and the feedback ratio, the ratio of & to ¢,

determined the frequency of oscillation (about 1.2 ¢)
of the control surfaces.

Increasing the feedback ratio and the servomotor
speed or decreasing the time constant of the integrat-
ing ecireuit would raise the frequency of control-
surface oscillation. This might result in more stable
flight at the expense of & heavier power demand by
the servomechanisms. In any case this frequency
must be kept reasonably remote from the natural
frequency of the missile in pitch, as determined by
the partial derivative of the pitching moment at
trim and the moment of inertia. The investigators on
this project chose to keep the period of control-
surface oscillation well above the natural period of
the missile. The restricted space in Felix for batteries
and servomotors speaks strongly for this choice.

3 FIELD TESTS
it Eglin Field Tests

The initial tests with an American heat-homing
missile were made at Eglin Field in January 1944.
Six bombs of a preliminary design were prepared,
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62 FELIX AND DOVE EYE

based on the design of the Gulf photoelectric target-
secking bomb (see Chapter 9). Flight tests had been
made with the :canning head with the control relays
energizing indic: ting lights. The results of these tests
seemed to indicate promise of control by means of far
infrared radiation. The results of the Gulf tests with
the photoelectric ta:get seeker indicated that the
high-angle bomb had sufficient dirigibility to permit
homing control,

1000 FT—1

CONTROL BEEN APPLIED

INDICATES THE ESTIMATED
IMPACT POINT HAD NO
AND @THE AGTUAL HIT

Froune 149, Impact pattern of 12 Felis drops, Sepiem-
ber 144,

A target was constructed by elearing an 800-ft
square area surrounded by serub undergrowth after
the fiest drop indicated that the regular target at
Range 55 was an inadequate radiator. Of the six
hombs dropped, two failed to stabilize in roll. The
remaining four homed or tried to home on a target
which subsequent survey showed to be a heat radia-
tor. One of them made a successful homing-flight
landing some 30 ft from the center of the target.
The ground projection and profile of its trajectory
are given in Figure 18,

These results, while not spectacular, were suffi-
ciently encouraging to enlist the strong support of

the Air Forces Communications Officer, who had
been given the added duties of serving as senior hai-
son officer for the Division. Intelligence had diselosed
targets of high priority, which later proved to be
launching sites for the German V-1; accordingly the
Air Forees urged utmost acceleration of the Felix
program as a weapon against these well-camouflaged
targets, which were known to contain diescl engines
and air compressors. It was hoped that this ma-
chinery might prove to be a sufficient source of heat
to make Felix an effective weapon against them,

Accordingly NDRC accepted in March 1944 the
assignment of crashing the Felix program, although
it was clearly understood that the targets might
prove submarginal and that the chances of proving
n combat design within a yvear were indeed remote.

362 Tonopah Tests

Two designs were rushed; one, having a cruciform
empennage permitting better stowage in bombard-
ment aireraft, was terminated when the experience of
Gulf with Razon (see Chapter 2) indicated that roll
stabilization with a cruciform tail was hardly to be
accomplished. The second design with an octagonal
empennage was pushed to completion. Laboratory
prototypes were ready for drop tests by August 1944,

The initial target consisted of aluminum foil nailed
to panels laid out in the form of a square cross on the
desert. floor. The arms of the cross were 40 ft by 100
fi, the total circumscribing square being 240 it by
240 £t. It was hoped to make the bombs home on the
sun's reflection from this target; however, it proved
to be wholly unsatisfactory. While the signal from
the sun’s reflection was very large indeed, missions
could be flown only in the middle of the day, when
the elevatioa of the sun was approximately the same
as the borab after falling to an altitude of 10,000 ft
from a release point of 15,000 ft. The aircraft had to
fly directly into the sun in order for the scanner to
pick up a good reflection. The greatest disadvantage,
however, was that in the middle of the day the air
was s0 turbulent that the bombardier was unable to
get a good approach run. Eight drops against this
target proved abortive.

A second target was constructed, consisting of 100
rectangular steel plates, each approximately 30 sq ft
in area. These plates were mounted so that they in-
clined 30 degrees from the vertical and were heated
to a very dull red heat with 3 oil burners (orchard
heaters) per plate. Eleven Felix bombs were dropped
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P4

35 a3 at this target, Seven displayed electrical malfunc-
tions. Four made successful homing flights, scoring
1 misses of 100 to 300 ft.

The design was then subjected to an enginecering
analysis. Longer rudders and elevators were installed,
producing a larger angle of attack and permitting
the elimination of a troublesome lift shroud. The
control relays were redesigned and housed in a her-
metically sealed case. The rudder deflection speed
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Fiaure 21. Profile traces of Tonopah drops.
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was reduced about 30 per cent to a final value of 12
degrees per second to remove the range of forced
oscillation from the vicinity of the natural frequency
of the bomb. The feedback coupling mechanism was
simplified and the bias device to provide parabolic
thinking was introduced. The integrator stage was
added to the amplifier. S

Sixteen of these bombs were tested in September
1944, Twelve of the sixteen homed successfully, pro-
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As a result of these reasonably successful tests the
designs were released to the manufacturer for a pre-
production order of 100 units.

368 Ocala Tests

The preproduction units from the manufacturer
were desired by the Air Forces Board for evaluation
at Orlando, Florida. The Division was reluctant to
release the initial units from a new supplier for this
purpose; accordingly a compromise was worked out
whereby the initial phase of the test program to
check the manufacturing design would be carried
out by the Division’s contractor.

It was now obvious that the design of a heat tar-
get was a critical element of the testing program.
The Division undertook to construct a target to
simulate thermally an operational target in which
the Twentieth Air Force had a strong interest. Figure
22 is an aerial photograph of the target constructed
at QOcala range near Orlando. The target consisted of
eleven areas cleared of vegetation to represent the
eleven buildings of a Japanese aircraft-engine fac-

tory. Oil burners similar to those used at Tonopah
were installed to augment the reradiated solar energy.
Surveys made in November indicated adequate con-
trast from the surrounding vegetation.

The tests began on December 27, 1944. It was im-
mediately apparent that a great many defects had
crept into the manufacturing procedure and that in-
spection methods adequate to detect them had not
been developed. The hope that any of the preproduc-
tion units could be made available for evaluation
soon seemed naive. Too much credit cannot be ex-
tended to the Air Forces Board for their patience
during the working out of the initial production grief.
Such difficulties always arise, even in a program not
carried forward at the pace of this one. Nevertheless
under the drive of war it is impossible not to hope
that each program may be an exception ¢ the cule,

The principal difficulty was from moisture. The
terminal board of the transformer proved to be hy-
groscopic, and a new design had to be developed. The
umbilical switch had inadequate clearance and had
to be modified. The silver chloride window assembly
gave trouble, as the presence of grease, dirt, dents, or

Froure 22, Target at Ocala: at 10,000 ft (left); at 2,00C ft (right).
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irregularities could cause a “built-in signal.” Meth-
ods of shop and field inspection had to be develnped
to eliminate defective windows; manufacturing raeth-
ods were improved and inspection tightened up. The
compound used to seal the eye and the window was
found to be deliquescent. The condition was bad on
the ground; it wss probably worse at an altitude.

The major source of trouble was associated with
the excessive humidity in the Orlando area. This is
spectacularly worse than the atmosphere at Tonopah,
where the preceding tests had been run. It is not
worse, however, than the test specifications that air-
borne electronic equipments are supposed to meet
nor, indeed, worse than conditions in the Southwest
Pacific eombat area. Too much emphasis cannot be
placed on the importance of careful climate testing
of all components and of the complete assembly be-
fore field trials are attempted. The temptation to
neglect them is sometimes almost irresistible, but
succumbing to this temptation can result only in an
overall loss of time.

The support of the Air Forces was, however, un-
swerving. In the face of the unsatisfactory tests they
urged the Division to work out a mass-production
design and ordered 1,000 units under a transfer of
funds to NDRC. Accordingly the investigators un-
dertook to select another target which would prove
satisfactory in Florida summer weather. Further,
they strongly urged that only production units be
used in evaluation tests.

364 Channel Key Tests

The target finally selected was Channel Key (Fig-
ure 23), located about one mile northwest of the
Key West Overseas Highway. While this target was
relatively weak in comparison with some of the in-
dustrial targets which had now been surveyed (see
Section 3.8), it was believed that its contrast with
the surrounding water would make it a satisfactory
target. Permission for its use was obtained, not with-
out difficulty.

Only results with the production unit will be re-
ported here. Thirty-one individual releases were
made. Twenty of these made successful homing
flights, landing on the target after making observable
corrections. Of the eleven failures, five were due to
failure of the bomb shackles to release or to neglect
on the part of the bombardier to energize the warm-
up circuit to bring the amplifier tubes up to tempera-
ture before release. The difficulty with bomb shackles

dogged the Division’s entire program and, indeed, is
said to have been the cause of much bombardment
inaccuracy in combat.

One test was of outstanding interest. Eighteen
Felix bombs were released simultaneously from a
formation of nine B-17 airplanes flying in loose line
—abreast in elements of three. Although the average
spacing of the aireraft in line was supposed to be 400
ft, the extreme right-wing ship was about 2,500 ft on
the flank of the target. Figure 24 shows an approxi-
mate map of the trajectories of the eighteen bombs,

Fiourg 23. Channel key,

Fourteen homed well, their impacts forming three
distinet clusters corresponding to three observed heat
centers on the target. Figure 25 is a plot showing the
errors corrected.

In the closing weeks of the war the Twentieth Air
Force headquarters placed an order for a squadron
equipped and manned to take Felix into combat.
Their assembly was incomplete as the war ended.

37 DOVE EYE™®

Under urgent representations from the Navy
Bureau of Ordnance the Division undertook with the
Polaroid Corporation the development of a quanti-
tative heat-homing scanner. The contractor’s organ-
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Ficure 24. Plot of traces of bombs as ohzerved from lead plane,
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ization was eager to develop a complete heat-homing
missile. The strong belief of the Division, however,
was that the war was much too far advanced to
initiate the development of a completely new missile
svstem at that time (early 1944). The Navy Bureau
of Ordnance, however, did sponsor such a develop-
ment with Polaroid Corporation so two projects were
carried forward cooperatively, the Navy Bureau of
Ordnance administering work at Polaroid on the mis-
sile structure and its aerodynamic control surfaces
and servo links, the Division administering the de-
velopment of a quantitative heat-homing scanner
{Dove Eye). At the close of the war development was
«till incomplete and the project was turned over to
the Navy Bureau of Ordnance even in advance of
the preparation of a definitive report.” This section,
therefore, is of necessity general rather than specific
in treatment.

From February 1944 on, the Dove Eye was con-
ceived as an infrared detector which would report
the angular velocity of a line from the bomb to the
target relative to any stabilized line in space. This
derivative would be used to effect the minimum aero-
dvnamic aceelerztion necessary to convert a miss into
a hit. Minimum departure of the missile from its nor-
mal free-fall path would be necessitated, particularly
if the aerodynamic control system used were con-
tinuous and proportional.

The first derivative-taking Eye was built and op-
erated during the first three months of the project,
but because of inherently poor discrimination and
loss in threshold sensitivity, it was abandoned after
suecessful laboratory tests in favor of the present
lock-on Kye. This “moving-grid” eye obtained the
derivative by interposing a moving orthogonal grid
between the target heat flux and the thermistor
bolometer receptor. Angular velocity of the target
relative to the Eve showed itself as a frequency shift.

The final “lock-on”” Eve obtained the angular ve-
locity of the line of sight from the bomb to the target
hy continuously pointing along that line. The optical
seanning system and detector was mounted cn the
rotor housing of a free gvro, with the axis of scan
collinear with the spin axis of the gyro. Since the
Eye was made to point at the target by precessing
the gyroscope, the magnitude of the torque required
for precession was proportional to the angular veloc-
ity of the line of sight.

In greater detail, the optical system consisted of a
2-in. clear aperture spherical mirror with a thermis-
tor bolometer mounted at the foeal plane. The mirror

was displaced horizontally so that its optic axis was
9.5 mm from, but paralilel to, its spin axis (unlike the
5-degree inclination of the Felix unit). The mirror,
detector, optical system housing, and initial ampli-
fication stages were mounted on the gyro casing of
the free gyro, and the mirror was coupled-—through
reduction gearing—to the gyro rotor. The rotary
motions of both gyro and mirror were coaxial. The
gyro rotor, gimbal mounted, was precessed in two
planes by two sets of electric torque motors, one
motor at each gimbal axis termination.

During operation the Eye attempted to point at
the target. If the target was not at the line of sight,
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Ficure 25.
mission.

Errors corrected by Felix in nine-plane

but within the field of view, a signal was initiated,
its phase in the scan cycle indicating the position of
the target. The pulses from the detector, after suit-
able amplification and commutation, were used to
drive the torque motors so as to precess the gyro-
scope and cause the Eye to point at the target. At
all times the total voltage across the torque motors
was proportional to the angular velocity of the line
of sight. relative to the fixed line; this voltage, meas-
ured, served also to effect aerodynamic control.

The heat-sensitive element used in the Dove Eye
was the thermistor bolometer, initially selected in
1944 because of its availability, the ease of manufac-
ture of its odd-shaped detectors, its acceptable sen-
sitivity threshold, low microphonics, and low time
constants. Although suitable evaporated-metal bo-
lometers were produced in connection with the pro-
ject, and successfully used in laboratory lock-on tests
of production-type Dove Eyes, all the guided mis-
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68 FELIX AND DOVE EYE

siles used in homing tests with Dove Eye were pro-
vided with thermistor bolometers.

The thermistor bolometer used was eruciform, to
give a nearly circular field of sean. The length of
each of the four legs of the cross equaled the dis-
placement of the mirror spin axis from its optic axis.
The ceramic legs of the cross were mounted on a
quartz backing, and the whole detector hermetically
sealed in a silver capsule for moisture protection.
A silver chloride window, suitably filter coated and
induetion welded into the front of the silver capsule,
admitted desired wavelengths while excluding those
near and below 1.0 u.

By June 1946, better than 30 per cent of the Dove
Eye units dropped from an altitude of 20,000 ft. at a
heated hulk target hit within 50 ft of the target, even
though the bombsight was set with a fixed error of
approximately 20 mils.

38 TARGETS AND TARGET SURVEYS

a4l Target Discrimination

The chief problem in the development of any hom-
ing missile is one of target diserimination. This point

Frovre 26, Industrial target.

was stresseu in Chapter 1 in connection with radar-
homing glide bombs and it is discussed in broad gen-
crality by Dryden in Chapter 12. The problem is par-
ticularly acute in thermal-homing missiles such as
Felix and Dove. So long as the background surround-
ing the target is uniform, no ambiguity exists, Ther-

mal scanners of any type developed thus far arediffer-
ence-measuring devices, but they are sensitive to
very small differences even though the gross heat
fluxes compared are large.

In the Tonopah tests discussed in Section 3.6.2, the
total thermal flux radiated from the heated target
was well under 5 per cent of the total flux from the
field of view. Yet so long as the tests were carried out
before dawn, when the desert floor was at a uniform
temperature, troubles with target discrimination
were minor. After sunrise, however, areas of the ter-
rain warmed at irregular rates, and these irregular-
ities produced signals which masked the desired sig-
nal from the target.

Marine targets are normally considered to have a
very uniform background; however, even the ocean
surface can have thermal gradients of sufficient mag-
nitude to cause difficulties. Military targets on land,
present a much different aspect. SBuch targets, for
example, as that shown in Figure 26, are, in the
main, industrial and are likely to bhe suvrrounded by
a heavily built-up area,

The presence of the many discontinuities in the
thermal array presented by a typical land target has
the effect of introducing noise into the signal re-
ceived.

The effect of noise can be minimized, however, by
integration or smoothing. This corrective measure
was involved in each of the thermal homing devices
developed by the Division. In Felix the integration to
suppress noise was acromplished in the thermal re-
ceptor itself by making it large enough to subtend a
10-degree field of view. In Dove Eye the same end
was accomplished by an integrating element in the
circuitry. The case favoring one of these techniques
over the other is not clean-cut. Direct thermal inte-
gration as in the Felix manner can be accomplished
only at the expense of increasing the time constant of
the bolometer which was already marginally large.
Circuit integration, the method used in Pove Eye,
introduces a phase shift in the servo-system loop
which may be seriously injurious to the accuracy of
the missile.

3e.2 A Target Survey Instruments

In order to determine the suitability of specific
targets, the Heat Research Laboratory of MIT de-
veloped a quantitative target-evaluation instrument.
This instrument consisted of a standard Felix scan-
ner mounted in a meta! case with a telescope and a
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Ficure 27. Section of target survey head.

GSAP camera. The telescope, the camera, and the
seanner were all mounted with their axes parallel;
all had a 10-degree field. The amplifier associated
with the scanner was in a separate case with the
necessary batteries. Batteries and amplifier were con-
nected with the surveying head by cables, and the
surveying head (Figure 27) was provided with a
gimbal suspension to permit traversing and swinging
in elevation.

In addition to photographing the terrain surveyed
telltale lights connected so as to show the operation
of Felix rudders and elevators were reflected by par-
tially silvered mirrors onto the film. Further, a
meter with a logarithmic scale was connected with
the amplifier so that its scale reading indicated the
heat flux received in watts per square centimeter;
this meter was also photographed. The operator ob-
served the meter with one eye while sighting the

survey head and observing the telltale lights with the
other eye (see Figure 28).

This instrument (Figure 29) will cvaluate with
some precision whether any particular target is a

o |_——TARGET

POINTER LIGHTS

0

Ficure 28. Typical frame from survey instrument.

satisfactory objective for an attack with Felix, The
target-survey report!® discusses fully the appropriate
techniques for the use of the instrument. With its
careful use the successful application of Felix should
be assured.
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10 FELIX AND DOVE EYE

EYE GOVER
CONTROL

HEAD MASTER
SWITCH

MASTER SWITCH

LIGHT DIMMER

PILOT LIGHT

FiGure 29A. Surveying head, rear view.

It isx hardly to be expected that a technician with
an instrument would accompany each combat mis-
sion and advise the commanding officer as to ap-
propriate thermal targets. Rather it is conceived that
many thermal reconnaissance missions will be flown
in company with photographie reconnaissance. The
parallel analysis of these missions, especially if some
of the photoreconnaissance be in color, will develop
a target ‘“‘heat-evaluation lore” so that analysts will
be able to predict from photoreconnaissance data

what targets can profitably be attacked with heat-
homing bombs.

33 FUTURE PROSPECTS
FOR HEAT-HOMING MISSILES

The program of the Division in Felix suggests
further work which may be done in this field. Future
missiles in the main will probably not be powered by
gravity; instead, jet propulsion in the transsonic and
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FUTURE PROSPECTS FOR HEAT-HOMING MISSILES 11

BOLOMETER
SPACER

TRANSFORMER
UNIT

Fisure 20B. Surveying head, {ront view.

supersomc ranges may be employed. Problems of
higher =peed pose new problems in the field of heat
detectiun. Scanning speeds must be increased so that
the distance traversed by the missile during a scan-
ning cyele will remain neglizible in comparison with
the distance remaining so long as additional correc-
tions are likely to be required. This implies the re-
quirement for developing heat receptors of continu-
ously decreasing thermal time constant, The bo-
lometers of the Felix program were small; heat

SECRET

detectors of supersonic missiles may have to be
minuscule,

Sensitivities, particularly differential sensitivities,
need to be increased. The relative thermal signal re-
